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ABSTRACT 
Temperature changes occur in soils in a number of ways, e. g. landfill liners, around 
buried services and during sampling. An experimental programme was conducted to 
examine the effect of temperature (between 10 to 80 °C) on the volume change and 
shear behaviour of saturated clays. Testing included Liquid Limit (cone penetrometer), 
residual shear strength (modified Bromhead Ring Shear), laboratory vane shear ( at 
moisture contents between the Liquid and Plastic Limits) and oedometer tests. 
An extensive literature survey indicated that kaolinites and smectites would show 
extremes of thermal behaviour. To examine this two artificially pure clays were tested: 
English China Clay (a well crystallised kaolinite) and Wyoming Bentonite (a mono- 
valent smectite). To supplement this four British soils were tested: Keuper Marl, 
Lower Lias Clay, London Clay and Oxford Clay. Full material data were obtained 
coupled with careful control of stress and thermal histories. 
It is concluded that two types of extreme thermal response exists: a thermo- 
mechanical and a thermo-physicochemical change exhibited by kaolinite and smectite 
respectively. The temperature sensitivity of clays relative to a particular parameter is 
positively related to its specific surface area. A quick and repeatable method to 
qualitatively assess this has been developed: the LUT method. Its advantages include 
that no temperature calibrations are needed and it has a relatively large operating 
temperature range, 10 to 80 °C having been successfully used. 
The consolidation pressure (in the oedometer) needed to change the nature of a soil's 
thermal response is negatively related to its specific surface area. This, it is postulated, 
occurs at the same 'critical' contact stress for all clays, i. e. the interparticle threshold 
stress at which a thermo-physicochemical response changes to a thermo-mechanical 
one. This threshold stress occurs at a anisotropic consolidation pressure of 60 kPa for 
a well crystallised kaolinite , at 250 
kPa for reconstituted London Clay and at 480 kPa 
for a mono-valent smectite. Furthermore, greater parallel particle alignment or 
reconstituting a sample enhances a soil's temperature sensitivity in the oedometer. 
The thermal changes to consolidation and permeability coefficients can be typically 
predicted by the corresponding change to the dynamic viscosity of water. Deviations 
occur with smectites at normal stresses greater than 480 kPa, while for Keuper Marl 
this occurred at normal stresses of 50 kPa and greater than 850 kPa. 
Keuper Marl exhibits a greater temperature sensitivity of different parameters than 
predicted by index tests. This is strongly dependent on consolidation pressure and 
temperature. At elevated temperatures (>40 °C) and under increasing consolidation 
pressure, ped units tend to collapse, but once the pressure is removed ped reformation 
occurs. Thus knowledge of thermal and stress histories, coupled with full material 
data, is essential to effectively predict temperature effects on the engineering behaviour 
of soils with any degree of confidence. 
(i) 
ACKNOWLEDGEMENTS 
The work described in this thesis was carried out in the Department of Civil 
Engineering, headed by Professor R McCaffer, under the supervision of 
Dr CDF Rogers. 
The author wishes to express his deep gratitude to the following individuals. 
- To Chris Rogers, profound thanks for his valuable help, suggestions and 
encouragement throughout this research. 
- To Dr RJ Allwood, my Director of Research and Professor R McCaffer. 
- To Tony Fraser, Bill McHardy and Basil Smith of the Macaulay Land 
Use Research Institute for their help and advice. 
- To Martin Kelly and Dave Smith of the Department of Chemical 
Engineering, LUT, for their help. 
- To Stangers for providing the undisturbed samples used in this 
investigation. 
- To the Science and Engineering Research Council for sponsoring this 
research. 
- To Dr Keedwell and Mr Wood for their help in acquiring some of the 
literature reviewed. 
- To my friends at Rutherford Hall, especially Keith for his help. 
- To my friends and fellow researchers for their help and encouragement, 
particularly Dr David Chapman, now of Nottingham University. 
- To the technical staff at the Department for their help and advice, 
particularly Mark, Peter and Malcolm. 
- To Mrs Vera Cole for her excellent and very efficient typing. 
(ii) 
- To my wife's family for their help and encouragement, especially Alan, 
Adeline, Rachel and Sarah. 
- To my family for their encouragement. 
- Special thanks to my brother Bruce for his help in preparing the diagrams 
contained within. 
- Finally, no words can express my gratitude to both my parents for their 
support and encouragement. To my long suffering wife, Agnes, who 
saw me through all the highs and lows, particularly when preparing this 
thesis; words cannot begin to express my gratitude to you. 
(iii) 
TABLE OF CONTENTS 
Page 
Abstract (i) 
Acknowledgements (ii) 
Table of Contents (iv) 
ý/ Notation (xiii) 
f Glossary of Terms (xvii) 
List of Figures (xviii) 
List of Plates (xxv) 
List of Tables (xxvii) 
CHAPTER 1 INTRODUCTION 1 
1.1 Fundamental of soils 1 
1.2 Temperature and soils 2 
1.3 Objectives : Research Philosophy 2 
1.4 Material and method of testing 3 
1.5 Thesis content 4 
CHAPTER 2 SOIL FUNDAMENTALS 5 
2.1 Introduction, what is soil? 5 
2.2 Interatomic and intermolecular forces 6 
2.2.1 Interatomic bonds 7 
2.2.1.1 Covalent bonds 7 
2.2.1.2 Ionic bonds 7 
2.2.1.3 Other bonds 7 
2.2.2 Intermolecular bonds 7 
2.2.2.1 Hydrogen bonds 7 
2.2.2.2 Van der Waal's forces 8 
2.2.3 Structural concepts 9 
2.3 Mineralogy 10 
2.3.1 Initial concepts 10 
2.3.2 Kaolinite 12 
2.3.3 Smectite 13 
2.3.4 Mica and brittle mica 14 
2.3.5 Vermiculite 15 
2.3.6 Chlorite 15 
(iv) 
Page 
CHAPTER 3 
2.3.7 Mixed layer and other minerals 16 
2.4 Clay-water system 16 
2.4.1 Nature of water 16 
2.4.2 Types of water in clay 18 
2.4.3 Clay-water interactions 19 
2.4.4 Nature of inter-layer water 21 
2.4.5 Properties of adsorbed water 23 
2.4.6 Exchange reactions 25 
2.4.7 Summary 26 
2.5 Clay fabric 27 
2.5.1 Initial concepts 27 
2.5.2 Particle interaction : Net potential 27 
2.5.3 Clay fabric : Initial concepts 29 
2.5.4 Natural fabrics and mineralogical effects 30 
2.5.5 Summary 32 
2.6 Engin eering behaviour 33 
2.6.1 Introduction 33 
2.6.2 Nature of particle contacts 34 
2.6.3 Shear behaviour 37 
2.6.4 Volume change behaviour 41 
2.7 Summary 43 
TEMPERATURE EFFECTS 56 
3.1 Introduction 56 
3.2 Atterberg Limits 57 
3.3 Compaction characteristics 58 
3.4 Compressibility characteristics 60 
3.4.1 Temperature and void ratio 61 
3.4.2 Compressibility parameters 64 
3.5 Consolidation and Permeability 67 
3.6 Swelling 71 
3.7 Secondary consolidation and creep effects 73 
3.8 Transient, cycling and thermal loading effects 77 
3.8.1 Drained behaviour 77 
3.8.2 Undrained behaviour 78 
3.8.3 Thermal load phenomena 79 
3.9 Shear strength 80 
(v) 
Page 
3.10 Elasticity 84 
3.11 Theoretical considerations of thermal responses 84 
3.12 Conclusion 86 
3.13 Proposal for investigation 89 
CHAPTER 4 MATERIALS USED 119 
4.1 Purpose and scope 119 
4.2 Geology 120 
4.2.1 English China Clay 120 
4.2.2 Wyoming Bentonite 121 
4.2.3 Keuper Marl 121 
4.2.4 Lower Lias 123 
4.2.5 London Clay 123 
4.2.6 Oxford Clay 124 
4.3 Compositional tests 125 
4.3.1 Classification 125 
4.3.2 Particle density 126 
4.3.3 Chemical tests 126 
4.3.4 Particle size analysis 126 
4.3.5 Specific surface area 127 
4.3.6 Scanning electron microscope 128 
4.3.7 Cation, anion and cation exchange capacity 128 
4.3.8 Mineralogical analysis 129 
CHAPTER 5 LIQUID LIMITS : Experimental Method 143 
5.1 Introduction 143 
5.2 Literature review 143 
5.2.1 Atterberg Limits 143 
5.2.2 Activity 146 
5.3 Experimental procedures 147 
5.3.1 Aims and objectives 147 
5.3.2 Materials and apparatus 147 
5.3.3 Liquid Limit tests 148 
5.3.4 Comparative study 149 
5.3.5 Liquid Limit and time of storage 149 
5.4 Experimental errors 149 
(vi) 
Page 
CHAPTER 6 
6.1 
6.2 
6.3 
6.4 
CHAPTER 7 
7.1 
7.2 
VANE SHEAR TESTS : Experimental Method 151 
Introduction 151 
Literature review 151 
6.2.1 Introduction 151 
6.2.2 Vane size and anisotropy 152 
6.2.3 Rate effects 153 
6.2.4 Stress distributions 154 
6.2.5 Discussion 156 
Experim ental procedures 156 
6.3.1 Aims and objectives 156 
6.3.2 Apparatus used : shear device 157 
6.3.3 Apparatus used : torsion springs 158 
6.3.4 Apparatus used : vanes 158 
6.3.5 Temperature monitoring 159 
6.3.6 Sample preparation 159 
6.3.7 Environmental cabinet 160 
6.3.8 Consolidation 161 
6.3.9 Vane shear tests 162 
Experim ental errors 163 
RESIDUAL SHEAR STRENGTH TESTS 
Experimental Method 169 
Introduction 169 
Literature review 169 
7.2.1 Introduction 169 
7.2.2 The effects of clay fraction 170 
7.2.3 Correlation with Atterberg Limits 171 
7.2.4 Mineralogy 172 
7.2.5 Pore fluid chemistry 174 
7.2.6 Shear mechanism 176 
7.2.7 Effects of normal stress level 178 
7.2.8 Effects of sample conditions, stress history 
and strain rate 180 
7.2.9 Methods of measuring residual shear 180 
7.2.10 Summary 182 
(vii) 
Page 
CHAPTER 8 
7.3 Experimental procedures 183 
7.3.1 Aims and objectives 183 
7.3.2 Experimental programme and material used 183 
7.3.3 Initial sample preparation 184 
7.3.4 Bromhead ring shear 185 
7.3.4.1 Normal loading system 185 
7.3.4.2 Torque measurements 186 
7.3.4.3 Radial displacement measurements 186 
7.3.4.4 Vertical deflection measurements 186 
7.3.4.5 Calibration 186 
7.3.4.6 Data recording system 187 
7.3.5 Ring shear tests : specimen preparation 187 
7.3.6 Ring shear tests : shearing 187 
7.3.7 Modified Bromhead ring shear (MBRS) 189 
7.3.7.1 Modifications 189 
7.3.7.2 Materials used 190 
7.3.7.3. Specimen preparation 190 
7.3.7.4 Consolidation 190 
7.3.7.5 Shearing 191 
7.3.8 Temperature tests 192 
7.3.8.1 Temperature control 192 
7.3.8.2 Calibrations 192 
7.3.8.3 Test technique 193 
7.3.9 Interpretation 193 
7.4 Experimental errors 193 
OEDOMETER TESTS : Experimental Method 203 
8.1 Introduction 203 
8.2 Literature review 203 
8.2.1 Introduction 203 
8.2.2 Theoretical considerations 203 
8.2.3 Mineralogical and pore fluid chemistry 
effects 204 
8.2.4 Correlations 204 
8.3 Experimental procedures 205 
8.3.1 Aims and objectives 205 
(viii) 
Page 
8.3.2 Experimental programme and materials used 206 
CHAPTER 9 
8.3.2.1 Test set 1: Undisturbed 
versus reconstituted samples 206 
8.3.2.2 Test set 2: Reconstituted samples 207 
8.3.2.3 Test set 3: Paraffin tests 207 
8.3.2.4 Test set 4: Load-unload cycles 207 
3.3.2.5 Test set 5: Trial creep test 207 
8.3.3 Apparatus 207 
8.3.3.1 Oedometers 207 
8.3.3.2 Vertical measurements 208 
8.3.3.3 Specimen ring 208 
8.3.4 Temperature control 208 
8.3.4.1 Test sets 1,2,4 and 5 208 
8.3.4.2 Test set 3 209 
8.3.5 Calibration 210 
8.3.6 Sample preparation 210 
8.3.6.1 Sample preparation : Test set 1 210 
8.3.6.2 Sample preparation : Test set 2,4 
and 5 211 
8.3.6.3 Sample preparation : Test set 3 212 
8.3.7 Test procedure 212 
8.3.7.1 Apparatus assembly 212 
8.3.7.2 Loading 213 
8.3.7.3 Consolidation data 213 
8.3.7.4 Paraffin test : consolidation data 214 
8.3.7.5 Pore fluid considerations 214 
8.3.8 Interpretations 215 
8.4 Experim ental errors 215 
RESULTS : Shear Tests 221 
9.1 Introduction 221 
9.2 Compositional data, re-examined 221 
9.3 Liquid Limit tests 223 
9.3.1 Liquid Limit (specimens stored for 24 hours) 223 
9.3.2 Liquid Limit: comparative tests 228 
9.3.3 Liquid Limit and time of storage 229 
9.4 Vane shear tests 230 
(ix) 
Page 
9.4.1 Introduction 230 
9.4.2 Vane size effects 231 
9.4.3 English China Clay 232 
9.4.4 Keuper Marl 233 
9.5 Residual shear 235 
9.5.1 Introduction 235 
9.5.2 Bromhead ring shear results 236 
9.5.3 English China Clay 238 
9.5.4 Lower Lias Clay 239 
9.6 Conclusions 240 
CHAPTER 10 RESULTS : OEDOMETER TESTS 268 
10.1 Introduction 268 
10.2 Volume change characteristics 268 
10.2.1 Introduction 268 
10.2.2 Undisturbed versus reconstituted samples: 
test set 1 269 
10.2.2.1 London Clay 269 
10.2.2.2 Oxford Clay 271 
10.2.3 Reconstituted samples: test set 2 272 
10.2.3.1 Keuper Marl 272 
10.2.3.2 English China Clay, ECC 274 
10.2.3.3 Wyoming Bentonite 275 
10.2.4 Load-unload cycles: test set 4 276 
10.2.5 Paraffin tests 277 
10.2.5.1 English China Clay 277 
10.2.5.2 Wyoming Bentonite 279 
10.3 Compressibility characteristics 280 
10.3.1 Introduction 280 
10.3.2 Undisturbed versus reconstituted samples: 
test set 1 280 
10.3.2.1 London Clay 380 
10.3.2.2 Oxford Clay 282 
10.3.3 Reconstituted samples: test set 2 282 
10.3.3.1 Keuper Marl 282 
10.3.3.2 English China Clay, ECC 283 
10.3.3.3 Wyoming Bentonite 284 
(x) 
Page 
10.3.4 Paraffin tests 285 
10.3.4.1 English China Clay 285 
10.3.4.2 Wyoming Bentonite 286 
10.4 Consolidation characteristics 286 
10.4.1 Introduction 286 
10.4.2 c, versus void ratio 288 
10.4.3 Undisturbed versus reconstituted samples: 
test set 1 289 
10.4.3.1 London Clay 289 
10.4.3.2 Oxford Clay 292 
10.4.4 Reconstituted samples: test set 2 293 
10.4.4.1 Keuper Marl 293 
10.4.4.2 English China Clay 294 
10.4.4.3 Wyoming Bentonite 295 
10.4.5 Paraffin tests 296 
10.5 Permeability Characteristics 296 
10.5.1 Introduction 296 
10.5.2 Undisturbed versus reconstituted samples: 
test set 1 298 
10.5.2.1 London Clay 298 
10.5.2.2 Oxford Clay 299 
10.5.3 Reconstituted samples: test set 2 300 
10.5.3.1 Keuper Marl 300 
10.5.3.2 English China Clay 301 
10.5.3.3 Wyoming Bentonite 302 
10.6 Conclusion 302 
10.6.1 Volume change characteristics 302 
10.6.1.1 Undisturbed versus reconstituted 
samples 302 
10.6.1.2 Reconstituted samples 303 
10.6.1.3 Paraffin tests 304 
10.6.2 Compressibility 305 
10.6.2.1 Undisturbed versus reconstituted 
samples 305 
10.6.2.2 Reconstituted samples 305 
10.6.3 Consolidation 307 
10.6.4 Permeability 309 
(xi) 
Page 
10.6.5 General comments 310 
CHAPTER 11 CONCLUSIONS AND SUGGESTIONS FOR 
FURTHER WORK 340 
11.1 Overall conclusions 340 
11.2 Suggestions for further work 345 
REFERENCES 
BIBLIOGRAPHY 
APPENDICES Appendix A : Liquid Limit results 
Appendix B : Vane shear results: English China Clay 
Appendix C : Vane shear results: Keuper Marl 
Appendix D : Residual shear test results 
Appendix E : Oedometer results 
Series El: Volume change characteristics 
Series E2: Compressibility characteristics 
Series E3: Consolidation characteristics 
Series E4: Permeability characteristics 
Appendix F : Mineralogical analysis 
(xii) 
NOTATION 
Normal Symbols 
A Van der Waals', primary attractions 
Ac Contact area of solid contacts 
AEC Anion exchange capacity 
av Coefficient of compressibility 
BRS Bromhead Ring Shear 
Cc Compression index 
CCTV Closed circuit television 
CEC Cation exchange capacity 
CF Clay fraction 
c'r Residual cohesion intercept 
cv Coefficient of consolidation 
c' Effective cohesion 
do Corrected zero displacement 
d50 Deflection at 50% consolidation 
d100 Deflection at 100% consolidation 
ECC English China Clay 
EE Edge to edge fabric arrangement 
EF Edge to face fabric arrangement 
e Void ratio 
eL Void ratio at Liquid Limit 
eo Initial void ratio 
F Pore water pressure parameter 
FF Face to face fabric arrangement 
f(F) Fluid factor 
f(p) Pore factor 
f(v) Void ratio factor 
HOC Heavily overconsolidated 
(xill) 
Hs Equivalent height of solids (oedometer test) 
IRS Infrared Spectroscopy 
k Coefficient of permeability 
ko Pore shape factor 
KM Keuper Marl 
LL Liquid Limit 
LLS Lower Lias clay 
LVDT Linear variable displacement transducers 
MBRS Modified Bromhead Ring Shear 
MDD Maximum dry density 
MIP Mercury intrusion porosimetry 
mV Coefficient of volume compressibility 
N Normal load 
NC Normally consolidated 
NP Non plastic 
OC Overconsolidated 
OCR Overconsolidation ratio 
OMC Optimum moisture content 
Pc or p' Pressure of consolidation 
PI Plasticity Index 
PL Plastic Limit 
R Double layer and contact repulsions 
R' Residual factor 
RO Ratio of relative residual strengths 
(Clay minerals to massive minerals) 
S Average shear stress in the clay 
SEM Scanning electron microscope 
Sf Peak strength 
Sr Residual strength 
(xiv) 
SG Specific gravity 
SSA or So Specific surface area 
SO Temperature sensitivity 
T Tortuosity factor 
Tc Temperature of consolidation 
TEM Transmission electron microscope 
Ts Temperature of shear 
Tt Temperature of vane shear 
1100 Time for 100% primary consolidation 
t90 Time for 90% primary consolidation 
t50 Time for 50% primary consolidation 
U Pore water pressure 
WB Wyoming Bentonite 
WC Moisture content after consolidation (vane shear tests) 
wt Moisture content after shear (vane shear tests) 
XRD X-ray Diffraction 
1-D One dimensional 
a 
(xv) 
Greek Symbols 
aW Thermal expansion coefficient of clay water 
b Solid portion of interparticle contact 
yp Unit weight of pore fluid 
Ou True friction 
0' Friction angle 
r Residual friction angle 
6 Total stress 
6y Material yield strength 
d Effective stress or intergranular pressure 
6n Normal effective stress 
ti Shear strength 
tic Adsorbed film strength 
tii Contact shear strength 
tim Material shear stress in contact zone 
Coefficient of friction 
Coefficient of sliding friction 
(xvi) 
GLOSSARY OF TERMS 
Critical contact stress: 
Compositional data: 
Thermo-elastic deformation: 
Thermal history: 
Thermal load. - 
Thermo-mechanical effects: 
Thermally normally consolidated: 
Thermally overconsolidation: 
Thermo physicochemical effects: 
Thermo plastic deformation: 
Thermal primary consolidation: 
Thermal secondary compression: 
Temperature sensitivity: 
The interparticle contact stress at which the 
dominant thermal response changes in its nature. 
e. g. mineralogy, specific surface area, cation 
exchange capacity. 
Recoverable deformation generated by a change 
in temperature. 
The sequence of temperatures previously 
experienced by a soil. 
A load applied to a soil by changing the 
temperature; is analogous to a mechanical load. 
Temperature induced changes to macroscopic 
forces, e. g. changes to pore water pressure. 
The present temperature is the maximum 
previously experienced by a soil sample 
The present temperature is less than the 
maximum previously experienced by a soil 
sample. 
Temperature induced changes to microscopic 
forces, e. g. fabric changes. 
Permanent deformation generated by a change in 
temperature. 
Dissipation of temperature induced increases in 
pore water pressure, generated by a thermal load. 
Temperature induced creep/ secondary 
compression. 
The ratio of a parameter at x °C to the same 
parameter at 25 °C. 
(xvii) 
LIST OF FIGURES 
Page 
Figure 2.1 Engineering properties related to particle size 
(after Brady 1974) 47 
Figure 2.2 Diagrammatic sketch 48 
(a) a single tetrahedron 
(b) silica tetrahedra in a sheet arrangement 
(c) silica tetrahedra in a hexagonal network 
(after Grim 1968) 
Figure 2.3 Diagrammatic sketch 48 
(a) a single octahedral unit 
(b) Octahedral sheet (after Grim 1968) 
Figure 2.4 Diagrammatic sketch of a kaolinite structure (after Grim 1968) 49 
Figure 2.5 Diagrammatic sketch of a smectite structure (after Grim 1968) 49 
Figure 2.6 Diagrammatic sketch of a muscovite structure (after Grim 1968) 50 
Figure 2.7 Diagrammatic sketch of a chlorite structure (after Grim 1968) 50 
Figure 2.8 The effect of pH on the positive and negative charges of smectite, 
mica and kaolinite (after Greenland and Mott 1978) 51 
Figure 2.9 Diffuse layer showing cation and anion concentration with 
distance from particle (after Mitchell 1991) 51 
Figure 2.10 A schematic representation of the Stem and diffuse parts of the 
double layer with their associated potential decay curves 
(after Arnold 1978) 52 
Figure 2.11 Potential energy versus interparticle distance for two particles in 
suspension (after Bennett and Hulbert 1986) 52 
Figure 2.12 Potential energy versus interparticle distance for two particles in 
suspension (after Bennett and Hulbert 1986) 53 
(xviii) 
Page 
Figure 2.13 Modes of particle association in clay suspension 
(after van Olphen 1977) 53 
Figure 2.14 Types of fabric that occur in natural sediments 
(a) Bookhouse, (b) Prefect stack and (c) Turbostratic 
(after Bennett and Hulbert 1986) 54 
Figure 2.15 The effect of loading on a natural sediment 
(after Bennett and Hulbert 1986) 54 
Figure 2.16 Plastic junction between asperities with adsorbed surface 
(after Mitchell 1976) 55 
Figure 3.1 The effect of temperature on the dry density - moisture 
content relationship (after Hogentogler and Willis 1936) 109 
Figure 3.2 Typical relationships between water content and dry 
density for various temperatures (after Youssef et al 1961) 109 
Figure 3.3 Temperature effects on the void ratio-pressure relationship 
(after Gray 1936) 110 
Figure 3.4 The effect of temperature on the isotropic consolidation 
behaviour of saturated illite clay (after Campanella 1965) 111 
Figure 3.5 The effect of temperature on the compression curve of a 
silty clay (after Finn 1951) 112 
Figure 3.6(a) The effect of temperature on the normal compression line of 
Newfield clay (after Plum and Esrig 1969) 112 
Figure 3.6(b) The effect of temperature on the normal compression line 
of illitic clay (after Plum and Esrig 1969) 112 
Figure 3.7 Maximum free swell versus liquid limit at various 
temperatures (after Sherif et al 1982) 113 
(xix) 
Page 
Figure 3.8 The effect of heating on the secondary consolidation 
behaviour of an illitic clay (after Plum and Esrig 1969) 113 
Figure 3.9(a) The effect of temperature change on sample height and 
volume of water drained (after Campanella 1965) 114 
Figure 3.9(b) The relationship between volume of water drained and time 
during temperature changes at constant stress 
(after Campanella 1965) 114 
Figure 3.10(a) The effect of temperature on pore water pressure 
(after Campanella 1965) 115 
Figure 3.10(b) Saturated kaolinite tested under undrained conditions 
(after Campanella 1965) 115 
Figure 3.11(a) Pore water pressure resulting from undrained temperature 
cycling of Newfield clay (after Plum and Esrig 1969) 116 
Figure 3.11(b) Triaxial consolidation tests on Newfield clay to simulate 
temperature cycling (after Plum and Esrig 1969) 116 
Figure 3.12 Failure envelopes for kaolin clay as a function of moisture 
content and temperature (after Sherif and Burrous 1969) 117 
Figure 3.13 The variation of shear strength of clay with changes in the 
temperature of consolidation and shear (after Noble 1968) 117 
Figure 3.14 The peak shear strength of kaolin clay as a function of 
temperature (after Burrous 1973) 118 
Figure 3.15 The influence of temperature on the effective stress path 
of kaolin clay (after Burrous 1978) 118 
(xx) 
Page 
Figure 7.1 Diagrammatic stress - displacement curves at constant an' 
(after Skempton 1985) 198 
Figure 7.2 Ring Shear Tests on sand-bentonite mixtures (after 
Skempton 1985) 198 
Figure 7.3 Field and laboratory data (after Skempton 1985) 199 
Figure 7.4 Residual friction angle as a function of normal effective 
stress on the shear plane raised to the power of minus 1/3 
(after Mitchell 1976) 199 
Figure 7.5 Modifications to the lower load platen and torque arm 
(after Anayi 1990) 200 
Figure 9.1 Liquid Limit versus temperature (specimens stored 
24 hours) 251 
Figure 9.2 Liquid Limited versus temperature (specimens stored 
24 hours) 252 
Figure 9.3 Liquid Limit at different temperatures as a proportion of 
the Liquid Limit at room temperature (specimens stored 
for 24 hours) 253 
Figure 9.4 Liquid Limit at different temperatures as a proportion of 
the Liquid Limit at room temperature (specimens stored 
for 24 hours) 254 
Figure 9.5 Liquid Limit versus temperature (specimens tested 
BS 1377 : BSI 1990) 255 
Figure 9.6 Liquid Limit versus time of storage 256 
Figure 9.7 Residual shear strength versus normal effective 
stress : English China Clay at 21°C, Bromhead Ring 
Shear 257 
(xxi) 
Page 
Figure 9.8 Residual shear strength versus normal effective 
stress : English China Clay at 21 and 49°C, 
modified Bromhead Ring Shear 258 
Figure 9.9 Residual shear strength versus normal effective 
stress : English China Clay, Bromhead ring shear 
and modified Bromhead Ring Shear data 259 
Figure 9.10 Residual shear strength versus normal effective 
stress: Lower Lias Clay at 22 and 52°C, modified 
Bromhead Ring Shear 260 
Figure 9.11 Tangent of residual friction angle versus normal 
effective stress: English China Clay at 21°C, Bromhead 
Ring Shear 261 
Figure 9.12 Tangent of the residual friction angle versus normal 
effective stress raised to the power -1/3: English China 
Clay at 21°C, Bromhead Ring Shear 262 
Figure 9.13 Tangent of the residual friction angle versus normal 
effective stress: English China Clay at 22 and 49°C, 
modified Bromhead Ring Shear 263 
Figure 9.14 Tangent of the residual friction angle versus normal 
effective stress raised to the power -1/3: English China 
Clay at 22 and 49°C, modified Bromhead Ring Shear 264 
Figure 9.15 Tangent of the residual friction angle versus normal 
effective stress: Lower Lias Clay at 22 and 52°C, 
modified Bromhead Ring Shear 265 
Figure 9.16 Tangent of the residual friction angle versus normal 
effective stress raised to the power -1/3: Lower Lias Clay 
at 22 and 52°C, modified Bromhead Ring Shear 266 
(xxii) 
Page 
Figure 9.17 The change in the Liquid Limit due to a temperature 
rise of 20 to 80 °C versus specific surface area 267 
Figure 10.1 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for undisturbed 
London Clay 314 
Figure 10.2 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for reconstituted 
London Clay 316 
Figure 10.3 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for undisturbed 
Oxford Clay 317 
Figure 10.4 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for reconstituted 
Oxford Clay 318 
Figure 10.5 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for Keuper 
Marl (mix A) 320 
Figure 10.6 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for Keuper 
Marl (mix B) 322 
Figure 10.7 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for English 
China Clay 324 
Figure 10.8 The variation of the coefficient of consolidation with 
temperature (measured versus predicted) for Wyoming 
Bentonite 326 
(xxiii) 
Page 
Figure 10.9 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for undisturbed 
London Clay 327 
Figure 10.10 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for reconstituted 
London Clay 329 
Figure 10.11 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for undisturbed 
Oxford Clay 330 
Figure 10.12 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for reconstituted 
Oxford Clay 331 
Figure 10.13 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for Keuper 
Marl (mix A) 333 
Figure 10.14 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for Keuper 
Marl (mix B) 335 
Figure 10.15 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for English 
China Clay 337 
Figure 10.16 The variation of the coefficient of permeability with 
temperature (measured versus predicted) for Wyoming 
Bentonite 339 
Figure 11.1 Temperature sensitivity versus specific surface area 348 
Figure 11.2 Temperature sensitivity of clay soils 349 
(xxiv) 
LIST OF PLATES 
Page 
Plate 4.1 SEM pictures of typical English China Clay particles 134 
Plate 4.2 SEM pictures of typical Wyoming Bentonite particles 135 
Plate 4.3 SEM pictures of typical Keuper Marl particles 136 
Plate 4.4 SEM pictures of typical Lower Lias particles 137 
Plate 4.5 SEM pictures of typical London Clay particles 138 
Plate 4.6 SEM pictures of typical Oxford Clay particles 139 
Plate 4.7(a) SEM pictures of typical English China Clay : Wyoming 
Bentonite mixes 
ECC: WB 75: 25% 140 
Plate 4.7(b) SEM pictures of typical English China Clay : Wyoming 
Bentonite mixes 
ECC: WB 50: 50% 141 
Plate 4.7(c) SEM pictures of typical English China Clay : Wyoming 
Bentonite mixes 
ECC: WB 25: 75% 142 
Plate 6.1 Modified laboratory vane shear device 166 
Plate 6.2 Shear vanes 166 
Plate 6.3 Base plate and load platen consolidation cells 167 
Plate 6.4 Consolidation cell and extrusion device 167 
Plate 6.5 Consolidation cabinet and apparatus 168 
Plate 6.6 Extrusion device and specimen test tubes 168 
Plate 7.1 Data recording system 201 
Plate 7.2 Modified load platens, moulds and plastic scraper 201 
(xxv) 
Page 
Plate 7.3 Example of a shear plane formed with the modified 
Bromhead ring shear 202 
Plate 8.1 Oedometer test set up (insulation removed for clarity) 220 
Plate 8.2 Oedometer test set up for paraffin tests 220 
(xxvi) 
LIST OF TABLES 
Page 
Table 2.1 Specific surface areas (after Mitchell 1976; Atkinson 
and Bransby 1978) 44 
Table 2.2 Ionic radii and relative size of ions common in clays 
(after Childs 1969; Brady 1974; Mitchell 1976; 
Brown et al 1978; and Bennett and Hulbert 1986) 44 
Table 2.3 Clay mineral classification (after Brown et al 1978; 
Brown 1984; and Newman and Brown 1987) 45 
Table 2.4 Common clay mineral characteristics (after Grim 1968; 
Mitchell 1976; Lambe and Whitman 1979) 46 
Table 3.1 Summary of temperature effects on the compressibility 
characteristics of soils 92 
Table 3.2 Summary of temperature effects on the coefficients of 
consolidation and permeability 95 
Table 3.3 Summary of temperature effects on swelling effects 97 
Table 3.4 Summary of temperature effects on secondary/creep 
behaviour 98 
Table 3.5 Summary of transient, cycling and thermal loading effects 102 
Table 3.6 Summary of temperature effects on shear strength 105 
Table 4.1 Typical compositional data of clays tested (Data from 
Seed et al 1964a; Kolbuszewski et al 1965; Davis 1966; 
Farmer & Colman 1967; Swartzen-Allen & Matijevic 1974; 
Van Olphen 1977; Greenland and Mott 1978; 
Cripps and Taylor 1981; Sridharan et al 1986; 
Pavlovic and Stamatovic 1992; and Chapter 2) 130 
Table 4.2 Compositional data 131 
(xxvii) 
Page 
Table 4.3 Relative proportions of exchangeable cations 133 
Table 6.1 Vane geometrical data 165 
Table 6.2 Reading error : vane shear 165 
Table 7.1 Bonding along cleavage planes, cleavage mode, and 
residual strength (after Mitchell 1976) 196 
Table 7.2 Typical residual friction angles of the three clays tested 
Data from Lupini et al (1981); Cripps and Taylor (1981); 
Skempton (1985) and Anayi (1990) 197 
Table 7.3 Proving ring factors from calibration tests 197 
Table 8.1 Pressures used in oedometer tests and initial sample state 218 
Table 8.2 Atterberg Limits of Wyoming Bentonite and English 
China Clay with paraffin 219 
Table 8.3 Consolidation correction factor relative to 20°C (after 
BS 1377 : BSI 1990) 219 
Table 9.1 Auerberg Limits of Wyoming Bentonite, English China 
Clay mixtures 247 
Table 9.2 Liquid Limits BS 1377 (BSI 1990) Method 247 
Table 9.3 Examples of end of consolidation versus post shear moisture 
contents for the vane shear test 248 
Table 9.4 Residual friction angles 250 
Table 10.1 Compression index of clays tested at various temperatures 312 
(xxviii) 
(CMAL 7TL ? 7I 
CHAPTER 1 
INTRODUCTION 
1.1 FUNDAMENTALS OF SOILS 
The importance of physico-chemical aspects are fundamental to understanding of any 
soil behaviour, which itself is extremely complex. This was aptly described by 
Casagrande (1938) when speaking at the close of an engineering conference (Mitchell 
1991). Therefore a geotechnical engineer needs knowledge which spans many 
disciplines, from pure science to applied engineering. Since Casagrande made his 
statement in 1938 this has become even more important, particularly now with the 
growing awareness amongst both engineers and the general public of environmental 
issues. Hence the effects of chemicals, pollutants and other environmental factors on 
the behaviour of soils is a subject of topical interest for research. 
The importance of fundamentals was later eloquently illustrated by Mitchell (1991) in 
the 31st Rankine Lecture. He highlighted the importance of the physico-chemical 
phenomena, which, he stated, have so great an influence on soil behaviour that an 
entire subdiscipline has built up around it. This discipline utilises the essential 
knowledge of geology and mineralogy when dealing with engineering soil. The 
importance of such knowledge has in the past been emphasised by a number of highly 
respected authors, including Low (1968) and Grim (1968), and yet unfortunately these 
factors are still largely ignored by many engineers. Vaughan (1991), in his vote of 
thanks delivered at the 31st Rankine Lecture, illustrated this point by stating "Most of 
us give these things insufficient consideration. Tonight we have been taught our 
mistake". Thus considering the complex nature of soil material, its diverse origins and 
highly significant physico-chemical behaviour, these factors cannot afford to be 
ignored, or given only a secondary consideration, hereafter. 
As a consequence the study of fundamental aspects of soil mechanical behaviour form 
the basic research philosophy used throughout this investigation. The study essentially 
utilises knowledge of geology, mineralogy and other compositional data to examine the 
thermal responses of difference clay soils. However, such are the complexities of 
physico-chemical behaviour of soils, that the study can only hope to complement the 
existing body of material, extend the knowledge on the subject and stimulate more 
research in this and related areas. 
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1.2 TEMPERATURE AND SOILS 
Clearly as soil behaviour is controlled by its fundamental aspects, it seems reasonable 
to suggest that these factors also control the effect of temperature on a soil. 
Temperature itself, both under transient and steady state conditions, can be induced in 
soils directly or indirectly from many different sources. Some of these include: kilns, 
buried pipelines, gas storage, depositories and chemical stabilizations. Furthermore, it 
has been observed that at depths of 1m the daily temperature variations in some 
countries can be between 15 and 300C. Changes in temperature can also be induced 
during sampling. Typical insitu temperatures in UK are around 5°C, although they can 
be lower. However, in most laboratories testing is conducted at between 20 and 250C 
and, in fact, variations between 10 and 320C have been observed (extremes recorded in 
winter and summer). Thus when using laboratory results for geotechnical designs, the 
effect of temperature and temperature history must be accounted for. These effects will 
vary from soil to soil, depending upon the physico-chemical nature of the material, and 
thus this too must be considered. 
The effects of evaluation of temperature on the shear and volume change behaviour of 
clays are the subjects under discussion in this thesis. 
1.3 OBJECTIVES : RESEARCH PHILOSOPHY 
The main objectives of this study were as follows: 
1. To examine temperature effects on soil in the context of their compositional data 
(primarily mineralogy). 
2. To observe the significance of these effects on the engineering properties of 
different clay soils. 
3. To aid the present understanding of soil fundamentals in the context of thermal 
effects. 
A secondary objective was to further examine the significance of mineralogical and 
other compositional data on soil properties regardless of temperature. 
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1.4 MATERIAL AND METHOD OF TESTING 
To achieve these objectives six clay samples of known compositions have been used to 
examine: 
1. Liquid Limits; 
2. Vane shear strengths; 
3. Residual shear strengths; 
4. Compressibility characteristics; 
5. Consolidation characteristics; and 
6. Permeability characteristics 
at elevated temperatures. Samples of Wyoming Bentonite and English China Clay were 
used to represent almost pure smectite and kaolinite respectively. Four British 
mudrocks, Keuper Marl (weathered Mercia Mudstone), Lower Lias Clay, London Clay 
and Oxford Clay, have been also tested to enable comparisons to be made. 
Standard engineering tests described in BS 1377 (BSI 1990) have been employed, with 
modifications having been made to allow temperature control. Further modifications 
were made to both vane shear strength and residual shear strength (Bromhead Ring 
Shear) tests. These included increasing the rate at which the torque was applied to the 
shear vanes, and small vanes inserted into the top and bottom load platens of the 
Bromhead Ring Shear device. 
Testing was conducted at temperatures between 10 and 80°C, although this varied with 
each test due to difficulties with temperature control. 
Soil classification and chemical tests were carried out in accordance with the British 
Standard (BSI 1990). External specific surface area was determined by nitrogen 
adsorption. A Dionex series 4500 was used to analyse exchangeable cations and 
anions, while a scanning electron microscope (SEM) was used to photograph typical 
particles of the samples tested. Both X-ray diffraction and infrared spectroscopy 
techniques were used to determine the samples' mineralogy. Finally the cation 
exchange capacity was determined via ammonium saturation techniques. 
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1.5 THESIS CONTENT 
This thesis contains eleven chapters and six appendices. 
Chapter 2 examines what soil actually is in terms of fundamentals, considering first the 
individual phase elements (namely mineral solids, water and their interactions) before 
discussing engineering behaviour. From this basis a working framework has been 
formed, which is used in later discussions. 
Chapter 3 contains an extensive literature survey of the pertinent literature dating from 
1915. This review is much deeper than standard surveys presented in similar past 
studies. 
Chapter 4 presents compositional descriptions of the soils tested, together with the test 
methods employed. This includes classification, chemical testing, specific surface area, 
SEM, cation, anion, and cation exchange capacity and mineralogical analysis. The 
samples' geological description has also been provided. 
Chapter 5 contains the experimental programme, test techniques, apparatus and 
materials used to investigate temperature effects on the Liquid Limit of clays. A brief 
literature survey pertaining to Atterberg limits has also been included. Chapters 6 and 7 
have similar contents to Chapter 5, but relate to vane shear tests and residual shear 
strength tests using a Bromhead ring shear device respectively. Chapter 8 is written in 
the same manner also, but deals with the volume change characteristics measured by 
Oedometer tests. 
Chapter 9 contains a comprehensive discussion of the results obtained from shear tests 
at elevated temperature, examining Liquid Limit, vane shear and residual shear strength 
test results. Chapter 10 presents a similar discussion to Chapter 9, but for Oedometer 
tests. 
Chapter 11 presents the overall conclusions of the study and suggestions for future 
research. 
4 
(6 G6VAP` ZA 2 
CHAPTER 2 
SOIL FUNDAMENTALS 
2.1 INTRODUCTION, WHAT IS SOIL? 
Soil can best be described as a complex heterogeneous polydisperse system of mineral 
aggregates that can be weakly cemented. The voids formed by these aggregates are 
filled with fluids and gases. This can be considered to be a particulate multiphase 
system (Lambe and Whitman 1979). The mineral aggregates consist of primary 
minerals, clays, hydrous oxides and organics (Hall 1987). The amount present of each 
varies according to the geology of the soil. These solids come in a wide range of 
colours, textures, shapes and sizes, all of which are controlled by the mineralogy of the 
material (Low 1968; Grim 1968; Mitchell 1976). The fluid phase, which normally is 
water, contains varying amounts of dissolved salts. The gaseous phase has a similar 
composition to air, though this can also be variable. 
The engineering properties of any soil depend directly on the interaction of these phases 
and the influence of an external applied energy potential, e. g. hydraulic or thermal 
(Mitchell 1991). The interaction of these phases is governed by the mineralogy, 
chemical composition of the different phases, texture, particle arrangement and 
environment. Hence a knowledge of these and the nature of the applied potential is 
essential if the engineering behaviour of soils is to be understood and successfully 
interpreted (Mitchell 1976). 
The forces on a soil particle can be very broadly considered to consist of self weight, or 
gravitational, and surface, or physico-chemical forces. Surface forces occur because 
soil particles carry a negative charge, the magnitude of which varies with mineral type 
and pore fluid chemistry. The two types of force are related to a particle's size: surface 
forces are proportional to the surface area, whereas gravitational forces are proportional 
to a particle's volume (Terzaghi and Peck 1967; Atkinson and Bransby 1978). Thus 
as particle size reduces the surface forces become more dominant, and as a consequence 
control the properties of fine-grained soils like clays. This is illustrated in Figure 2.1 
and Table 2.1. Therefore, clays can be considered to be electrochemically active and 
can exert a large influence on a soil's physical properties even when present in small 
amounts (Grim 1962,1968). 
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Clays are responsible for many of the problems encountered in engineering. This is 
due to their intrinsic properties and thus the type of interaction force that dominates. An 
example illustrated in Figure 2.1 is swelling, or volume increase in the presence of 
water. It is for this reason that the study reported herein is limited to clays. 
Furthermore, as will be shown later in this chapter and in chapter 3, clays are 
electrochemically active relative to sands, thus temperature changes are more likely to 
affect their properties. 
It is clear that soil is very complex and the dominant forces acting on the particles 
depend upon the different phases and their interactions. This situation is further 
complicated by the varying definitions of soil used by different professions (Grim 
1968; Bennett and Hulbert 1986). Hence, it is necessary to build up an understanding 
of the fundamental nature of soils (or clays) and how this controls their engineering 
characteristics. This chapter aims to construct a basic model of the soil clay phase 
elements and their interactions, after which the effect of temperature can properly be 
considered. It should be pointed out that for the purposes of this study only saturated 
clays are considered, thus the system is a two phase one consisting of soil particles and 
water. 
2.2 INTERATOMIC AND INTERMOLECULAR FORCES 
To understand the engineering properties of clays it is first necessary to appreciate the 
nature of the interatomic and intermolecular bonding forces (Lambe 1960a; Mitchell 
1976; Keedwell 1984). These bonds control the particle's size, shape and structure, as 
well as the physico-chemical inter-particle properties. They therefore control a clay's 
mechanical characteristics. The primary driving force of all systems is the desire to 
achieve a position of least energy, thus atoms/molecules aim for the most stable 
configuration (Lee 1979). This can usually be achieved via bonding. 
This section very briefly discusses the various bonds normally encountered in clay 
systems, and how these control the nature of the basic structural building blocks. From 
this a model of clays and clay behaviour can be built. Listed below are the extreme 
cases of interatomic and intermolecular bonds, details of which have been considered 
by numerous past researchers. 
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2.2.1 Interatomic bonds 
These are primary valence bonds between atoms and involve the participation of 
the outer shell of electrons. There are three types of primary bonds: covalent, 
ionic and metallic. These are the strongest types of bond and are responsible 
for holding the basic mineral constituents of soil together. 
2.2.1.1 Covalent bonds 
Two negatively charged ions (anions) can form a stable configuration by 
sharing an electron. This forms a very strong bond. It is directional, and so 
bond angle is very important. 
2.2.1.2 Ionic bonds 
These result from the electrostatic combination of a cation and an anion. These 
bonds are non-directional, i. e. are equal in all directions, and need a 
considerable amount of energy to break them. The structure formed by this 
type of bonding is determined by the geometrical arrangements of the ions, 
relative to their size. Through this bonding, dipoles are formed due to the offset 
of the positive and negative charges. 
2.2.1.3 Other bonds 
Metallic type bonding does not occur in clay systems and so is not considered 
here. However, within a clay particle it is usual that a combination of the two 
other types occur. For example the bond type in silica, one of the most 
common constituents of clay soils is an intermediate covalent, ionic bond 
(Bennett and Hulbert 1986). 
2.2.2 Intermolecular bonds 
These are secondary valence bonds which are responsible for holding molecules 
and small particles together. They are much weaker than the primary type, 
though can act over a greater range. 
2.2.2.1 Hydrogen Bond 
This is the strongest of the secondary valence bonds. It results from the 
attraction of oppositely charged ends of two permanent dipoles. Water is such a 
dipole where one end consists of a negatively charged oxygen ion, and the other 
of two positively charged hydrogen ions (Childs 1969). A bond forms between 
a hydrogen from one dipole and an oxygen of another. Therefore, these 
hydrogen bonds are directional and play an important role in water and clay- 
water systems (see Section 2.4). 
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2.2.2.2 Van der Waals forces 
The bonds formed by these forces are weaker than a hydrogen bond, normally 
an order of magnitude different (Mitchell 1976). They occur due to the 
movement of electrons around an atom. This results in an attractive force due to 
the electrical asymmetry of the atom's charge. They can be considered to be 
fluctuating, or statistical, dipoles and can be regarded as non-directional on 
average over a period of time. 
They decrease less rapidly with distance than do other bonds, and so can 
determine the structural arrangement of a clay matrix (Low 1968; van Olphen 
1977,1987). Furthermore, some researchers have suggested that they are a 
major source of cohesion in clays (Lambe 1960a; Mitchell 1976). They depend 
upon the type of dipole and the geometric configuration. The force of attraction 
is inversely porportional to the nth power of the distance of separation. 
Molecules have a greater attraction than atoms due to the addition of all of the 
attractive energies (Arnold 1978). Therefore, the bonding force will decay less 
with distance for molecules than for atoms (Greenland and Hayes 1978). 
Overbeek (1965), Low (1968) and van Olphen (1977,1987) suggested that for 
clay particles at relatively small separations the force of attraction was inversely 
proportional to the third power of distance. At distances greater than 10nm the 
force was similarly related to the fourth power of distance (van Olphen 1987). 
There is a third type of dipole that has not as yet been mentioned. This is an 
induced dipole, which occurs when a molecule is placed in an electric field. 
This offsets the positive charge from the negative one, so inducing a dipole 
molecule. The molecule is said to be 'polarized'. 
Many researchers have noted the importance of all of these bonds in 
determining the properties of all soils. Later in this chapter it will be shown that 
these, coupled with other forces, all interact to control the mechanical 
characteristics of clays and, hence, how temperature affects a clay's properties. 
8 
2.2.3 Structural concepts 
Many past researchers have studied at length the concepts behind the basic units 
that make up clay particles, for example Marshall (1964), Grim (1968), Childs 
(1969), Mitchell (1976), Brown et al (1978) and Lee (1979). A review of the 
concepts and driving mechanisms behind the formation of the structures formed 
is briefly outlined below. With this knowledge it will be possible to build up a 
model of clay particles, from which their engineering behaviour can be studied. 
The main atomic packing characteristics within clay structures can be visualized 
by the use of a simple ionic model (Brown et al 1978; Lee 1979). This uses 
the general rules of Paulding, which govern the structural arrangements formed 
(Childs 1969). This model assumes that the atoms are fully ionized; e. g. 
silicon is in the cation form Si4+ and oxygen is in the anion form 02-. The 
arrangement of cations and anions within the structure is such that the 
electrostatic potential is minimized, thus the most favourable lattice energy is 
achieved. Geometrical restrictions occur due to the different relative sizes of the 
cation to anions. Table 2.2 shows the relative radii of common clay ions. 
Generally cations are smaller than anions, and only sodium, potassium and 
calcium are of a comparable size. The smaller cations fit into the interstices of 
the coordinated anion matrix, to from the basic building units. Different 
coordinations of anions to the central cation produce a variety of structures. 
Typical structures formed in clays are tetrahedra and octahetra, with co- 
ordination numbers four and six respectively (see Figures 2.2 and 2.3). 
It should be noted that this model is only an approximate one, because atoms 
are not normally fully ionized and covalent bonds also occur. In silicates, the 
most abundant soil constituent, bonds are typically half ionic and half covalent 
(Lee 1979). Thus both directionality and geometry must be satisfied. Silicates 
are formed from a tetrahedron framework consisting of four oxygens 
surrounding a central silicon, as shown in Figure 2.2. This unit alone has a net 
electrical charge due to the imbalance of the ions' valency; silicon has a valency 
of 4 compared to the oxygen total valency charge of 8. Thus to maintain 
electrical neutrality it is necessary for these units to link together through the 
corner oxygens. This is in accordance with the Paulding valence rule, and an 
example of such a structure is shown in Figure 2.2. The faces are not shared, 
however, because of the strong cationic repulsions that would otherwise occur. 
This effect would be more significant for cations of a high valence, which 
normally occur in silicates. A variety of silicate structures can form, example 
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being sheet structures, as occur in clays and framework structures, as in the 
case of quartz (Lee 1979; McLean and Gribble 1985; Gribble 1988). 
It is possible though for cations of a lower valence to occupy these central 
positions. The result is a residual negative charge on the surface. This cation 
replacement, or 'isomorphous substitution', accounts for the wide variety of 
clay minerals that exists, and their associated behaviour. 
2.3 MINERALOGY 
2.3.1 Initial concepts 
As has already been stated in Section 2.1, mineralogy is a very important factor 
to consider when examining the behaviour of clays. Low (1968) suggested that 
mineralogy was important when interpreting experimental results of tests 
conducted on clays. Mitchell (1976) considered that mineralogy was 
fundamental, stating that "a knowledge of soil mineralogy is essential to a 
fundamental understanding of soil behaviour". Many past researchers have 
linked mineralogy with the engineering characteristics of clays (e. g. Grim 1962, 
1968; Lambe and Whitman 1979). Therefore, a review of clay mineralogy is 
deemed necessary if a clay's engineering behaviour with respect to elevated 
temperatures is to be understood. 
It is first necessary to carefully define the term 'clay', which sometimes is a 
source of ambiguity. Clay can refer to a particle size fraction, generally below 2 
microns, or a mineral term (Grim 1968). For clarity, clay fraction will be used 
when referring to a particle size and clay or clay mineral will be used when 
examining a clay material. The distinction is particularly important when non- 
clay minerals are also considered, since it is quite common for these to exist in 
the clay fraction (van Olphen 1977), although non-clay minerals can be 
considered to be relatively chemically inert (Grim 1968; Mitchell 1976). Only a 
limited number of inorganic clays will be examined, because these represent the 
materials with the greatest proportion of clay minerals experienced in 
engineering (Olson 1974; Mitchell 1976). 
Many past researchers have given detailed reviews of clay mineralogy, too 
numerous to list here. However, to adopt an up-to-date standard the work of 
Brown et al (1978), Brown (1984) and Newman and Brown (1987) will be 
mainly referred to. Their work was based on the recommendations of the 
AIPEA Nomenclature Committee (Newman and Brown 1987). 
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Clays belong to the phyllosilicates family and are essentially hydrous alumino - 
silicates where some cationic substitution has occurred. Clays typically have a 
platy morphology, although a wide variety of minerals is possible as shown in 
Table 2.3. The structures of clays are principally built from tetrahedral and 
octrahedral sheets. The tetrahedral sheet is shown in Figure 2.2, where the 
linkage occurs via the three base oxygens. Ideally this forms a hexagonal mesh 
(Figure 2.2), although this will distort when structural adjustment occurs 
(Brown 1984). The remaining oxygen bonds with the octahedral sheet, whose 
units typically consist of aluminium and hydroxyl ions (see Figure 2.3). There 
are two types of octahedral sheets. The first, which is sometimes called 
gibbsite, has a trivalent aluminium cation in the interstice position. This is 
normally referred to as a dioctahedral sheet, because two thirds of the possible 
cation sites are full. The other type is a trioctahedral sheet or brucite. Here all 
the possible sites are full with divalent magnesium cations. 
In real clays, however, the structures are distorted as a result of isomorphous 
substitution during formation. Typical substitutions include aluminium for 
silicon in the tetrahedral sheets and iron (Fe2+, Fe3+) or magnesium for 
aluminium in the octahedral sheet. Due to the variety of sizes associated with 
these cations (see Table 2.2) structural adjustments have to be made to allow the 
inclusion of them. The large variety of substitution possible yields a wide range 
of mineral compositions (Brown 1984). 
The two basic sheets are stacked in a one to one, or a two to one, arrangement 
to form the basic primary clay mineral layers (see Figures 2.4 to 2.7). These in 
turn are linked together in a variety of ways to form clay particles, each with 
different basal, or C spacings. This refers to the distance between a certain 
plane in adjacent layers. 
A fundamentally important feature of clay particles is the negative charge at the 
particle's surface. This charge originates from three main sources; 
isomorphous substitution, unsatisfied valencies at broken edges and 
dissociation of hydrogen from the exposed surface hydroxyls (Brady 1974; 
Greenland and Mott 1978; and many others). The first source is permanent 
and independent of the system pH. This occurs because the substituted cations 
are of a lower valence than is required to maintain electrical neutrality. The 
second and third sources are both pH-dependent, the magnitude of which 
differs for the various mineral types. To balance this negative charge and 
achieve overall neutrality, it is necessary for the clay particles to adsorb 
exchangeable cations. A measure of this, and hence the quantity of negative 
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charge associated with a clay mineral, is the 'cation-exchange capacity' 
(C. E. C. ). This is measured in milliequivalents per 100g of clay, and varies 
with the clay considered (see Table 2.4). Anion adsorption also can occur due 
to positive charges carried by clays. The mechanism involved can be 
considered to be via surface hydroxyls associated with aluminium, iron and pH- 
dependent anion adsorption, which is a maximum at lower pH, as shown in 
Figure 2.8 (Bain and Smith 1987). This phenomenon can be defined by 
measuring the 'anion-exchange capacity' (A. E. C. ), though this is normally low 
for most clay minerals (Table 2.4) and of less significance than the C. E. C. (van 
Olphen 1977). Below is a brief review of the mineralogy's of clay minerals 
common to engineering. 
2.3.2 Kaolinite 
Kaolinite is the most common member of the 1: 1 layer group, and belongs to 
the dioctahedral subgroup (Table 2.3). The two polytypes of kaolinite, dickite 
and nacite, are rare. Halloysite occurs occasionally and has two polymorphs: 
hydrated and dehydrated halloysite. The structural arrangement of kaolinite 
consists of alternating layers of silica and gibbsite sheets, stacked with a basal- 
spacing of 0.72- am (Figure 2.4). These layers are bonded via van der Waals 
forces and hydrogen bonds, the latter occurring between opposing hydroxyls 
and oxygens in successive layers. This forms a stable bond which is 
sufficiently strong not to allow inter-layer swelling. Kaolinite is common in 
highly weathered material, due to its high chemical resistance (Marshall 1964; 
Keller 1964). 
Controversy still exists as to the exact source of kaolinite's cation exchange 
capacity (C. E. C. ) although most authors agree that a small permanent C. E. C. 
exists (Newman and Brown 1987). Kaolinite's C. E. C. is low (Table 2.4) and 
strongly influenced by the pH of the system (Krebs et al 1960; van Olphen 
1977; Jepson 1984). This charge mostly stems from broken bonds and 
dissociation of surface hydroxyls at the edge and dissociation in the gibbsite 
sheet (Greenland and Mott 1978). The net effect can readily be seen in Figure 
2.8. There is considerable evidence that at low pH the edge of kaolinite 
particles exhibit a positive charge. This eventually becomes negative under 
alkaline conditions (Mitchell 1976; van Olphen 1977). 
The morphology of kaolinite in a well crystallized form is flat hexagonal platy 
crystals. However, disordering associated with substitution of aluminium in 
the octahedral sheet, results in a smaller, thinner and less regular crystals. 
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Well-crystallized particles are commonly up to 2 microns thick by 4 microns 
laterally, although stacks up to 4000 microns have been observed (Mitchell 
1976). As a result the surface area of kaolinite is low (Table 2.1). 
2.3.3 Smectite 
Smectites are formed from an octahedral sheet sandwiched between two silica 
sheets (Figure 2.5). These are continuous in the a and b directions, with 
stacking occurring along the c-axis. Successive layers are weakly bonded by 
van der Waals forces and by exchangeable cations, which can easily be 
separated. The basal-spacing in the dry state is 0.96mm, although the addition 
of water may result in complete separation of the layers. The mechanisms 
causing swelling are still not fully understood (Mitchell 1976; van Olphen 
1977; Low 1987). It is clear, however, that this is a function of the cation 
nature and the amount of water present: sodium results in a far greater amount 
of swelling than calcium (Grim 1962,1968; Brown 1984). 
Extensive substitution occurs in smectite, typically in the octahedral sheet, 
although substitution varies both in amount and type. This yields a wide variety 
of minerals. The best known, and by far the most common form, is 
montmorillonite (Grim 1968). In the past smectites have been incorrectly 
referred to as montmorillonite (Brown et al 1978). Other minerals include: 
saponite, hectorite, nontronite and beidellite, although these are rarely found 
and so, with the exception of beidellite, will not be considered further. 
Montmorillonite belongs to the dioctahedral subgroup (Table 2.3) and in its 
ideal form substitution only occurs in the octahedral layer (Brown 1984). 
However, it is normal for a part montmorillonite/part beidellite composition to 
occur (Brown et al 1978). This necessitates a further subdivision of 
montmorillonite into: Wyoming, Otay, Chambers and Beidellite (Newman and 
Brown 1987). The distinction is based on their thermal properties and the 
origin of the total charge. The Wyoming type, for example, typically has 15% 
of its charge from substitutions of aluminium for silicon in the tetrahedral 
sheets, although this may be as high as 50%. The other groups all have higher 
layer charges originating mainly from either the octahedral or tetrahedral sheets. 
Due to this extensive substitution a high C. E. C. is produced, typically 10 to 15 
times that of kaolinite (Table 2.4). Some of this exchange capacity originates 
from pH-dependent charges although this forms only a minor component, as 
illustrated in Figure 2.8. About 80% of the total charge is due to isomorphous 
substitution and 20% from edge effects (Odom 1984). Montmorillonite 
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particles are usually equidimensional flakes that appear like film (Mitchell 
1976). Due to their small size some uncertainty still remains, although a range 
of morphologies have been observed (Odom 1984). The particles 
characteristically occur as units of one layer thickness and 1 or 2 microns in 
length. Due to their small size they have very high surface areas (Table 2.1), a 
significant proportion of which occurs internally. 
2.3.4 Mica and Brittle Mica 
Micas are the most common clay mineral found in soils (Newman and Brown 
1987). They are complex with many types of isomorphous substitutions 
possible. Their basic structure is the same as smectite, although they do not 
expand on wetting. The resistance to expansion is due to strong potassium 
fixation between successive sheets. The potassium fits snugly into the holes 
formed in the silica sheets, although the strength of this bond varies with mica 
type. An illustration of the structure formed is shown in Figure 2.6. Examples 
of micas include muscovite, biotite and clay micas (Table 2.3). Typical clay 
micas are illite and glauconite, which occur in a fine-grained form (Newman 
and Brown 1987). Of these, illite is by far the most common (Mitchell 1976) 
and is also sometimes referred to as hydrous clay mica (Brown et al 1978). It 
has a basal-spacing of lnm, containing less potassium and more water than 
muscovite. This water forms part of the structure either as molecules or lenses 
(Brown 1984). Glauconite is very similar to illite but contains more iron. 
Due to extensive isomorphous substitution located in the silica sheets, a higher 
C. E. C. than smectite potentially exists (Lambe and Whitman 1979). However, 
due to potassium linkage the actual C. E. C. is much lower (Table 2.4). A minor 
component of this C. E. C. arises from pH-dependent charges (Figure 2.8), 
although this is more significant than with smectites and varies with degree of 
crystallinity. 
Mica particles, when well crystalline, have a hexagonal platy morphology, 
which can be difficult to determine due to the lack of pure mica deposits (Grim 
1968). Illite and glauconite are smaller and less well defined, although as a 
result their surface area is greater, usually around 65 to 200 m2/g (Table 2.1). 
Brittle micas are similar to true mica, but have a higher negative charge (Brown 
1984). 
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2.3.5 Vermiculite 
The structure of vermiculite is very similar to mica and usually occurs as an 
alteration product of biotite mica (Brown et al 1978). It differs from mica in its 
ability to swell on wetting. Linkage between successive layers is weak and 
occurs via inter-layer cations, which are normally magnesium. Swelling occurs 
due to cation hydration, although this is less than that which occurs with 
smectite. This is because the layer attraction forces are greater (Brown 1984). 
Typically only a double layer of water molecules form between layers, giving a 
basal-spacing of 1.4nm (Mitchell 1976). Vermiculite is trioctahedral with 
extensive substitution, the cation sites being filled with magnesium or iron. 
This results in a C. E. C. of 100 to 150 meq/100g (Table 2.4). 
The particle's size and shape is difficult to determine, although these are likely 
to be similar to those of illite (Grim 1968). These difficulties arise because 
vermiculite is normally associated with other clays, even though they are 
frequently found in soils (Brown et al 1978). The particles themselves have a 
high surface area, which consists of both a large internal and external area. The 
overall value may be as high as 950m2/g (Mitchell 1976). 
2.3.6 Chlorite 
Chlorite is formed from alternating mica and brucite or gibbsite layers. In the 
past it has been referred to as a 2: 2 layer clay mineral, but presently it is 
described as a 2: 1 layer mineral with an hydroxide interlayer (Newman and 
Brown 1987). An example of the structure is shown in Figure 2.7. The 
hydroxide sheet carries a positive charge and so is held electrostatically to the 
mica-like sheets. Further bonding occurs via hydrogen bonds formed between 
hydroxyls and oxygens in the two adjacent layers (Brown 1984). This results 
in a basal spacing of 1.4nm. 
A wide variety of substitutions are possible resulting in various combinations of 
2: 1 layer and interlayer sheets. The three resulting subgroups are shown in 
Table 2.3. A typical range of cation exchange capacity is shown in Table 2.4. 
The particles themselves are of platy morphology and are probably similar to 
illite. However, because chlorites are always associated with other clay 
minerals, data are very difficult to obtain about their size and shape (Mitchell 
1976). 
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Chlorites commonly occur with imperfections in the hydroxide sheets and so 
these can be considered as intermediates between vermiculites and expandable 
smectites. This form is widespread in soil and is sometimes referred to as 
swelling chlorite, chlorite-like and intergradient chlorite-vermiculite (Newman 
and Brown 1987). If the hydroxide sheet is continuous, non-expanding 
chlorite occurs. 
2.3.7 Mixed layer and other minerals 
Other types of clay minerals occur, including allophane, sepiodite and 
polygorskite, but they are not commonly encountered and so will not be 
considered further (Mitchell 1976). 
Frequently, clay in soil is formed from the inter-stratification of two or more 
clay minerals, and thus is structurally complex (Newman and Brown 1987). 
These materials arise because the surface planes of the different clay minerals 
are geometrically similar (Brown 1984). Inter-stratification may be regular 
(periodic stacking), partly ordered or random, resulting in a very wide range of 
mineral types. Examples of the various combinations include rectorite, a 1: 1 
regular dioctahedral mica and dioctahedral smectite inter-stratification, and 
corrensite, a 1: 1 trioctahedral chlorite-trioctahedral smectite/vermiculite inter- 
stratification. These definitions illustrate the preferred nomenclature (Newman 
and Brown 1987). 
It is more common that the sequences are partly ordered or random (Brown 
1984). The most abundant form of inter-stratification to occur is that of 
smectite and mica (Newman and Brown 1987). Such a material consists of 
expanding and non-expanding layers in various combinations. Many other 
forms occur, so care has to be exercised in the terminology used otherwise the 
properties of these clays become obscure (Brown 1984). 
2.4 CLAY-WATER SYSTEMS 
2.4.1 Nature of Water 
Before the nature of clay-water systems can be reasonably discussed, it is 
necessary to examine the two components individually (Low 1961). Details of 
clays and the factors that control their physical and chemical nature have already 
been discussed in the previous section. A brief review of the physical nature of 
the second component, water, is given below. 
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Molecules of water are made up of hydrogen and oxygen atoms in a 'V-shape' 
arrangement. The atomic nuclei, or O-H, distance is 0.96nm and the H-0-H 
angle is approximately 105° (Childs 1969; Farmer 1978). This results in a 
charge distribution which resembles a tetrahedron: two positive corners 
(hydrogen protons) and two negative corners (Low 1961; Childs 1969). This 
may be considered to form a sphere of radius 0.138nm, upon whose surface the 
charges are situated (Childs 1969). The H-0 bond is part ionic and part 
covalent, thus accounting for the bond's directionality. The net result is a 
dipole moment which has the capacity to attract other 'water dipoles' via 
hydrogen bonds (see Section 2.2.2.1). These inter-molecular bonds have been 
suggested to be part electrostatic and part covalent (Low 1961; Mitchell 1976). 
The molecules themselves can coordinate with other molecules forming a 
tetrahedral structure (Childs 1969). However, the overall structure and 
properties are not known in detail, and as yet no rigorous theory is available 
(Mitchell 1976; Bennett and Hulbert 1986). Thus the properties of water can 
only be explained with varying degrees of success, which depends on the 
structure model adopted. Four main models have been proposed: mixture, 
interstitial, distorted hydrogen bond and random network models (Low 1961, 
1979; Mitchell 1976). The first two models consider water to be made up of 
clusters of hydrogen-bonded water molecules with a non-hydrogen bonded 
water either surrounding or within the cavities formed in the main structure 
respectively. The third model suggests that water is a hydrogen-bonded 
structure in which the majority of these bonds are bent. The latter model 
extends this idea, postulating that irregular network of rings, controlled by 
geometrical constraints, exists. The distorted model with an irregular network 
of rings appears to be most compatible with present data (Mitchell 1976). 
Changes to the structure of water will occur as a result of an elevation of 
temperature. Increases from 0 to 40C cause some bending or breaking of 
bonds, thus increasing the molecular packing and hence density. Further 
increases in temperature, however, increase the thermal energy of the molecules 
and this predominates over the resulting bending and breaking of bonds, thus a 
reduction in the density occurs. Similar effects occur to other properties, 
including viscosity which is well known to reduce as temperature increases. 
The structure is further influenced (strongly) by the presence of ions. Common 
ions encountered in soil-water systems are: sodium, potassium, calcium and 
magnesium (Grim 1968; Brady 1974). Water is attracted to these ions because 
of its dipole nature and thus hydrates the ion. This will only occur if as a result 
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the potential energy overall is reduced. Therefore ions disrupt the structure of 
water. Interactions with water consist of an immobile zone, a secondary zone 
and a third zone of polarized normal water (Mitchell 1976). The degree of 
disruption depends upon ion type, size and valence. Small ions may contribute 
to structural arrangements, while larger ions disrupt the structure formed (Low 
1961; Farmer 1978). These larger ions were originally thought not to hydrate, 
but recent studies have shown that some dipole-ion interaction does occur 
(Farmer 1978). 
2.4.2 Types of water in clays 
Water is an extremely important component to consider when examining the 
engineering behaviour of any soil, particularly clays. It influences both the 
macroscopic and microscopic behaviour in a very complex way. There is still 
much controversy and confusion over the nature of clay water, especially at the 
clay-water interface. This has resulted in a sharp divergence of opinions 
concerning the nature and properties of clay-water systems (Bennett and 
Hulbert 1986). This is not surprising, however, considering that pure water 
and ionic solution systems are not as yet fully understood (see Section 2.4.1). 
Water in saturated clay systems (which alone are under consideration during 
this investigation) can be considered to consist of the following elements: water 
of crystallization, adsorbed, and interaggregate (Stepkowska 1989). As was 
mentioned in Section 2.3, water can occur within the clay crystal lattice as a 
structural imperfection. It can also occur in the crystals of gypsum and tropical 
clays. This is known as the water of crystallization. 
Adsorbed water occurs as a direct result of the net negative charge that resides 
on the clay's surface. The nature of this type of water is still highly 
controversial, as is its effect on a clay's engineering behaviour. However, it 
has been recognised for a long time that it is significantly different from normal 
soil water (Bouyoucos 1915; Hogentogler and Willis 1936; Low 1960). The 
nature and significance of adsorbed water is the subject of discussion in the next 
section. 
Interaggregate water consists of inter-layer and normal pore water. Inter-layer 
water occurs between the mineral layers of clays and is responsible for 
swelling. This only occurs in expansive minerals (e. g. smectite and 
vermiculite), though other non-expanding clays can sometimes be modified to 
allow swelling (Hall 1987). 
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Here, normal pore water (for a saturated clay system) is used to describe all 
other types of non-adsorbed water besides that of interlayer water, e. g. capillary 
or gravity water. Normal pore water has properties similar to those described in 
Section 2.4.1. 
2.4.3 Clay-water interactions 
A vast amount of literature has been generated on the subject of clay-water 
interaction. Many previous researchers have attempted to summarise this 
although some controversy still exists, particularly regarding the structure at the 
clay-water interface. Reference to some of this literature has been made and 
includes the work of Martin (1960); Low (1961); Grim (1968); Swartzen- 
Allen and Matijevic (1974); Mitchell (1976); Bennett and Hulbert (1986); and 
Hall (1987). Other pertinent pieces of work have also been consulted. Below a 
brief review of this work is made, together with an outline of the current 
concepts behind clay-water interactions. 
Low (1961,1968) and Grim (1968) proposed that water is bonded directly to 
the clay's surface via hydrogen bonds which form between water and the 
surface oxygens or hydroxyls. This forms a rigid structural arrangement, 
which reduces the order and rigidity with distance from the surface. Ions seem 
to disrupt the structure, thus it is less ordered than ice. The degree of disruption 
varies with ion size and valence. However, not all researchers agree with this 
model. Greenland and Mott (1978) considered that the structure of water near 
to the siloxane (silicate) surface is determined by hydration of the exchangeable 
cation. Only a minor role is played by hydration of the mineral's surface. 
Others agree with this concept suggesting that hydration of cation and osmotic 
interactions are dominant (Swartzen-Allen and Matijevic 1974; van Olphen 
1977,1987; Smalley 1992). However, it is very difficult to determine 
experimentally whether the surface or the cations hydrate, thus adding to the 
controversy (Swartzen-Allen and Matijevic 1974; van Olphen 1977; Hall 
1987). Some hydrogen bonding with the surface and possibly van der Waals 
interactions may also occur (Mitchell 1976). It is apparent, however, that the 
type of interaction does depend on the moisture content under consideration. 
At low moisture contents hydration of cations is very important, although 
competition with the surface is keen. As the moisture content is increased some 
of the cations come into solution and water is attracted by osmosis (Mitchell 
1976,1991; van Olphen 1977,1987). It should be noted that cations are 
always present, even when clays are dry, and that these maintain the overall 
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electrical neutrality (Lambe and Whitman 1979). At high moisture contents 
osmotic forces produce a 'diffuse' double layer (see Figure 2.9). This consists 
of two parts, a fixed and a diffuse layer, which are illustrated in more detail in 
Figure 2.10 (Arnold 1978, Mitchell 1991). This can be considered to be the 
most appropriate model for clays at high moisture contents, i. e. saturated clays 
(van Olphen 1977). Clearly then the structure of the adsorbed water also varies 
with different moisture contents. 
Due to the net negative charge associated with the basal surface of clay particles 
(see Section 2.3.1. ), a diffuse double layer forms consisting of cations that are 
both attracted electrostatically and repelled by osmotic attraction of water 
molecules together with their thermal motion. The anions undergo what is 
sometimes referred to as negative adsorption, and are repelled from the surface. 
The outer diffuse 'atmosphere' (Figure 2.10), which is sometimes called the 
Gouy layer, has cations that follow a Boltzmann-like distribution (Wiklander 
1964; van Olphen 1977,1987). The inner, or Stem, layer, however, consists 
of a layer of ions at closest approach (Bennett and Hulbert 1986; van Olphen 
1987). Within the Stem layer it has been suggested that two layers of ions 
occur: the inner layer consisting of non-hydrated ions, while the outer layer 
contains partially hydrated ions (van Olphen 1977,1987; Arnold 1978; Baldi 
et al 1988). The thickness of this layer is has been found to be somewhere 
between 0.5 and lnm (Marshall 1964; van Olphen 1977). 
The number of cations specifically adsorbed in the Stem layer is a function of 
their valence and hydrated ion size (van Olphen 1977; Sridharan et al 1986). 
Monovalent cations tend to be less specifically adsorbed and so the 
concentration in the diffuse layer is greater, thus extending it. However, partial 
fixation of cations (e. g. potassium) can occur if their unhydrated size allows 
them to be situated in the distorted hexagonal oxygen holes of the silicate 
surface. This will depress the double layer. 
Thus the physico-chemical nature of the double layer is very sensitive to 
changes in pore fluid chemistry, temperature and mineralogy. Changes in the 
double layer's nature can alter inter-particle interactions and thus influence a 
clay's engineering behaviour. Figure 2.10 shows an example where the nature 
of the double layer has completely reversed due to the adsorption of polyvalent 
cations (Arnold 1978). 
Various mathematical models based on the double layer idea have been 
proposed. However, due to their over-simplifying assumptions they have met 
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with only very limited success (Swartzen-Allen and Matijevic 1974). 
Therefore, the diffuse double layer model can only be considered to be 
qualitatively correct (Shaw 1976; Arnold 1978; Bennett and Hulbert 1986). 
The edges of clays have a similar double layer at high moisture contents. This 
is formed by anions, though it is strongly pH-dependent, the magnitude of 
which is a function of its mineralogy (van Olphen 1977). 
Clearly the nature of clay-water interaction is very complex and is a function of 
mineralogy, moisture content and cation type. Modification can occur as a 
result of changes in fluid chemistry and temperature. These changes can in turn 
affect the inter-particle interaction, the significance of which will be discussed 
later in this chapter. The effect of moisture content was illustrated by the work 
of Pusch and Carlsson (1985), who showed that for smectite systems at low 
moisture contents, most, if not all, of the water was not free and the double 
layer did not develop. At this moisture content geometrical constraints and 
hydration forces are more important (Baldi et al 1988). However, at higher 
moisture contents the diffuse double layer develops and the structure of the 
water is altered to account for this. 
2.4.4 Nature of inter-layer water 
As was mentioned in Section 2.4.3, the nature of adsorbed water is a function 
of mineralogy. Farmer (1978), Hall (1987) and others have illustrated this 
point by examining the mechanisms involved with water adsorption onto the 
surface of kaolinites, smectites and vermiculites. It should be noted that the 
charge densities associated with these clays are all similar (Arnold 1978; 
Newman and Brown 1987). In the case of kaolinites water can only be 
adsorbed onto the external surface of the particles. This occurs via the 
mechanisms discussed in Section 2.4.3. Additionally, some hydrogen bonding 
to the gibbsite surface will occur along with retention to exposed edge 
octahedral cations (Farmer 1978). 
In contrast, water is held both internally and externally for smectites and 
vermiculites. Associated with internal water adsorption is swelling (Section 
2.3). Thus the rate of water adsorption overall is much slower for smectites 
than for kaolinites (Grim 1968). It is not clear what the exact mechanisms 
involved with swelling are, although several physico-chemical investigation 
techniques have given indications of what these might be. It is clear that 
hydration of these minerals follows a stepwise expansion, the nature of which 
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depends upon the inter-layer cation and the magnitude/location of the layer 
charge (Martin 1960; Farmer 1978; Odom 1984; Newman 1987). If the inter- 
layer cation is monovalent (e. g. sodium and lithium), hydration follows stages 
corresponding to one, two, or more water layers, the number of layers 
increasing as moisture content is raised. However, if divalent cations (e. g. 
calcium) are present, swelling is limited to 3 to 4 layers. It is thought that ion- 
surface coulombic and van der Waals attractions are greater than the cation's 
hydration energy in this case (van Olphen 1977; Hall 1987). 
Controversy exists over the mechanisms that cause further swelling in sodium 
or lithium smectites. Many researchers have considered that osmotic processes 
determine swelling after hydration is initiated (van Olphen 1977; Farmer 1978; 
Sridharan and Jayadeva 1982; Lubetkin et al 1984; Hall 1987). This may 
result in separations of up to 120nm (Hall 1987). However, Low (1979,1987) 
and Israelachvili and Pashley (1983) suggest that the osmotic contribution is 
negligible and hydration forces control swelling. 
This must depend on particle spacing. At low separations clearly hydration 
forces dominate, although it is uncertain whether the cations or the surface 
hydrates (Section 2.4.3). 
At high moisture contents, or larger separations, osmotic forces are likely to 
occur, and thus control swelling (van Olphen 1977; Hall 1987). Pusch and 
Carlsson (1985) indicated that at low bulk density, smectites develop double 
layers and interlamellar water no longer determines swelling. They further 
point out, though, that this is not a simple matter and water lattice stability may 
govern swelling even at low bulk densities. 
Physico-chemical studies have been used to examine the structure of water in 
the inter-layer region (Hall 1987). These studies have shown that two 
populations of water exist. The first contains strongly bonded water which is 
less mobile than normal water. The second type consists of weakly bonded 
water which is essentially liquid-like and associated with diffuse cations 
(Mitchell 1976; Hall 1987). However, Odom (1984) suggested that 
monovalent cations tend to reinforce rigid quasi-crystalline structures, whereas 
multivalent ions may enhance or disrupt structures depending on moisture 
contents. Low (1979,1987) advanced a hydrogen-bonded structure, which 
contains bonds that are more compressible but less breakable than those in 
normal water. Increases in temperature and moisture content increase the 
disorder of the structure. His studies, however, were based on thermodynamic 
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investigations, the limitations of which are discussed in the next section (see 
Section 2.4.5). Pusch and Carlsson (1985) cited work that indicated that inter- 
layer water under low moisture contents had an 'ice-like' configuration in which 
the bonds formed with the surface. However, difficulties in determining 
whether or not the cation or the surface hydrates have already been discussed 
(see Section 2.4.3). 
Clearly this is a complex phenomenon and the nature of the inter-layer water is 
not fully understood. The amount of water present is very important. Clays 
swell in two phases: initially via hydration of the cations and/or the surface and 
secondly via possibly osmotic forces. The structure of most inter-layer water is 
quasi-crystalline, except in the case of high moisture contents with monovalent 
cationic smectites. Thus further work is necessary, although this is beyond the 
scope of this investigation. It should also be noted that illite and other mica 
clays are not expansive (Section 2.3.4) and so water interacts with these occurs 
in a similar fashion to kaolinite, although differences will occur owing to the 
size of the particles. 
2.4.5 Properties of adsorbed water 
Clearly the nature of adsorbed water is not fully understood and much 
controversy still exists (see Sections 2.4.3 and 2.4.4). Many physico-chemical 
techniques have been employed to investigate the properties of adsorbed water. 
However the data generated from these experiments can all be questioned for 
various reasons, thus care is needed in interpreting them (Mitchell 1976). 
Nevertheless, these studies have shown that the structure of adsorbed water 
differs from that of normal water for a distance of approximately l nm from the 
clay's surface. Beyond this the behaviour is somewhat similar to that of bulk 
water (Fripiat et al 1984; Newman 1987). This lnm layer could correspond to 
the Stern layer, both its inner and outer layers along with the first few layers of 
water molecules that would associate with it. Beyond this the water would 
appear normal and consist of a random network of water molecules, which 
incorporates cations and some anions. However, the structure would depend 
very much on the system's moisture content (Mitchell 1976). It seems 
reasonable to suggest that the properties of adsorbed water will differ from 
those of normal water, though a gradual transfer from one state to another will 
occur as the distance from the surface increases. 
Martin (1960) and Low (1961) presented early reviews of studies in this area. 
Low (1961) suggested that thermodynamic evidence supported a quasi- 
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crystalline water structure of increased viscosity and ordering and reduced 
density at the clay's surface. Grim (1968) and Pavlovic and Stamatovic (1992) 
came to the same conclusions, although this was based on the work of Low 
(1961). Low (1968) and Swartzen-Allen and Matijevic (1974) also suggested 
that the density was lower and the viscosity greater than that of normal water, 
although this varies with distance from the surface and mineralogy. However, 
thermodynamics is concerned with state changes and so does not give direct 
information about mechanisms involved (Farmer 1978). As a result its data can 
be interpreted in more than one way, leaving a confused picture (Mitchell 
1976). Martin (1960) carried out X-ray investigations and concluded that the 
density of adsorbed water varied with moisture content: at low moisture 
contents the density of adsorbed water was greater than that of bulk water, 
whereas with increases in moisture content the value reduced to that of bulk 
water. He further postulated a two-dimensional liquid structure, which is 
consistent with evidence presented by Mitchell (1976). However, Pusch and 
Carlsson (1985) suggest that this might not be the case and thus more work is 
needed. 
Other properties investigated included hydraulic flow and the thermal expansion 
coefficient of clay water (aw). It has been suggested that deviation from 
Darcy's law occurs in low permeability clays like smectites (Low 1961,1968; 
Pusch and Carlsson 1985). They believed that this was due to electroviscous 
drag which creates a yield value of hydraulic gradient and a zone of non- 
Newtonian flow. Pusch and Carlsson (1985) indicated that this would only 
occur at low moisture contents where the inter-layer water is fixed. Martin 
(1962) and Mitchell (1976) considered that there was no strong evidence for 
failure of Darcy's law in clays. Instead, any deviations observed were due to 
particle migration/clogging effects or were a function of experimentation. 
As part of their studies on temperature effects on clay behaviour Campanella 
(1965), Campanella and Mitchell (1968), Burrous (1973) and Baldi et al 
(1988) examined the thermal expansion of soil/clay water. The first three 
authors considered that aw was positive above 4°C, although it varied with 
both temperature, pressure and moisture content. However, they concluded 
that only a small error would be induced by assuming that aw was equal to that 
of normal water at normal clay moisture contents. It should be noted that the 
thermal expansion coefficient of normal water is also a function of temperature 
and pressure (Nelkon and Parker 1982). Baldi et al (1988) examined aw at 
low moisture contents. They noted that because the properties of clay water 
were different from those of normal water at these moisture contents, then aw 
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would also differ. A correction for aw based on this idea was thus advanced. 
They also pointed out that at higher moisture contents, however, aw was 
similar to that of normal water and thus their observations were in agreement 
with those of the previous three authors. 
Clearly the properties of adsorbed water differ from those of normal water. The 
influence of adsorbed water on overall clay-water behaviour diminishes as the 
moisture content increases. The exact nature of adsorbed water and its 
properties is still uncertain, and is due in part to the limitations of the 
experimental investigations. To add to this already complex situation, clays 
have surface coatings of pH charge-dependent material, e. g. hydrous oxide, 
which cannot be removed (Greenland and Mott 1978). What is certain is that 
changes in temperature will alter the properties of adsorbed water, probably in a 
similar fashion to those of normal water (see Section 2.4.1). A mechanical 
disturbance will also change the nature of the adsorbed water (Keedwell 1984). 
This will most likely reduce structural rigidity and make adsorbed water more 
'fluid-like'. 
2.4.6 Exchange reaction 
Exchange reactions can be very important to consider when examining the 
behaviour of clays. Exchange of certain cations can have a profound 
engineering effect, as shown by the exchange of calcium for sodium in 
Bentonites (Section 2.4.4). Therefore, a brief review of the mechanisms 
involved is included here. 
Typically cations and anions associated with clays are exchangeable, the ease 
with which they can be replaced being a function of ion type, valence, relative 
abundance and size (Wiklander 1964; Grim 1968). However, no single 
replaceability series exists, though cations with higher bonding energies tend to 
preempt exchange sites (Marshall 1964). 
A measure of cation and anion exchange is given by the C. E. C. and A. E. C. 
respectively (see Section 2.3), which is related to mineralogy, size and the 
system's pH. It is important to note that A. C. E. may be difficult to isolate and 
measure (Rich 1968). Furthermore, impurities can reduce these values, 
particularly the C. E. C. These are also strongly pH-dependent, increases in pH 
tending to unblock the exchange sites and increase the C. E. C. (Wiklander 1964; 
Swartzen-Allen and Matijevic 1974). This is coupled with other pH effects, 
which have been discussed in Section 2.3.1. 
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The rate of exchange is also affected by mineralogy. Generally the rates are 
highest in kaolinites, lower in smectites, and lower still in illites. However, the 
reaction rate can be greater for illite than smectite depending upon the type of 
cation involved (Wiklander 1964; Grim 1968). Temperature also influences 
the reaction rate with increases in temperature tending to increase the rate, 
although the effect has greater significance in the case of smectites and illites 
(Wiklander 1964; Grim 1968). 
Consideration of the way cations and clays interact via exchange reactions has 
led some researchers to view clays as a semi-permeable membrane (Marshall 
1964; Mitchell 1991). From this idea clays have been considered to act as a 
micro-Donnan system, which results in a non-uniform ion distribution (Arnold 
1978). This forms a diffuse atmosphere in a similar way to that already 
described (Section 2.4.4). 
2.4.7 Summary 
Clearly clay-water interaction is not fully understood and experiments intended 
to investigate various parameters associated with adsorbed and inter-layer water 
have to be carefully reviewed. This is further hampered by impurities coated 
onto the clay's surface. The lack of understanding is not surprising, though, 
considering that the nature of pure water is not fully understood. Thus only a 
hypothesis of clay-water interactions has been proposed. 
The nature and properties of adsorbed water are a function of mineralogy, ion 
type and moisture content. At low moisture contents, cation hydration is 
dominant, whereas as moisture content increases double layer interaction 
predominates. The double layer consists of two parts: an inner and an outer 
layer. The inner layer contains non-hydrated and partially hydrated cations, 
while the outer layer is formed by diffusion of the remaining ions (see Figure 
2.9). Water is then attracted via osmosis. 
Mineralogy controls the type of clay-water interaction. It determines whether or 
not swelling occurs, as well as the properties of adsorbed water. However, 
differences in the properties of adsorbed to bulk water only extend about lnm 
from the clay's surface. The significance of these differences depends on 
moisture content and particle size. For larger kaolinite particles the significance 
of the adsorbed water's nature in determining properties is less than that of 
smectite (see below Section 2.6). Alteration to the adsorbed water will also 
occur via changes in the exchangeable cation, and this can cause a very 
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significant effect. The engineering significance of all of these factors will be 
discussed later in this chapter. 
2.5 CLAY FABRIC 
2.5.1 Initial Concepts 
If the mechanical behaviour of clays is to be successfully understood then clay 
fabric and the physico-chemical interactions cannot be ignored, and thus are 
fundamental (Bennett and Hulbert 1986). These initial physico-chemical ideas 
have already been discussed in the previous sections. Before any further 
discussion can be made, it is first necessary to define certain terminology. Clay 
fabric relates to the arrangement of particles, both microscopically and 
macroscopically. The overall arrangement of the fabric is termed structure. 
This section reviews how physico-chemical forces control clay fabrics, together 
with the effects of mineralogy. Examination of natural fabrics will also be 
made. It should be noted that quantitative treatment of clay fabric has in the past 
been suggested, but no rigorous mathematical treatment has been successful 
(McConnachie 1974; Bennett and Hulbert 1986). This is due to over- 
simplifications that have to be made to treat fabric mathematically. Thus no 
quantitative treatment has been attempted. Clay fabrics have, therefore, been 
studied briefly using qualitative ideas, although these too have limitations and 
these are discussed below. 
2.5.2 Particle Interaction : Net Potential 
The ideas presented herein aid the understanding of clay systems and the 
driving mechanisms involved in fabric formation. However, real clays are 
highly complex and this must be remembered when examining the principles 
discussed below. Even so these principles do serve as a good base from which 
to discuss fabric formation. 
The overall interaction in any clay system is determined by a balance of the 
short and long range, attractive and repulsive forces that act on particles. These 
forces have been considered by many past researchers including: Overbeek 
(1965), Low (1968), Mitchell (1976), Shaw (1976), van Olphen (1977,1987), 
Beddow (1980), Bennett and Hulbert (1986). The results of their discussions 
are summarised below. 
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The attractive forces acting on particles consist of van der Waals, electrostatic, 
covalent and cementation bonds. Van der Waals bonds were discussed in 
Section 2.2.2.2, although it should be noted that they are essentially 
independent of the fluid's nature, but vary with mineral type and geometry (van 
Olphen 1977; 1987). Electrostatic attraction occurs between positive edges and 
negative faces of clays. This force is strongly pH-dependent and thus depends 
on the clay's mineralogy together with the fluid's nature. Some hydrogen 
bonding may also occur (Low 1968). At spacings less than 0.3nm covalent and 
ionic bonds may form. This will be discussed in more depth in Section 2.6. 
Cementation occurs either naturally via calcite, alumina or iron oxides, or is 
induced by the addition of lime (Barshead 1964; Lambe and Whitman 1979). 
The repulsive forces are made up of long range double layer forces, short range 
hydration forces and very short range Born repulsion. At long ranges repulsion 
occurs when double layers interact, and is a function of mineralogy, moisture 
content and fluid chemistry (Section 2.4.3). At distances less than 2 to 3nm 
hydration forces become important (van Olphen 1977,1987; Israelachvili and 
Pashley 1983). These forces resist dehydration of ions and of the clay's 
surface and can be very large. The force required to remove the last layer of 
water molecules is approximately 4x 105 kPa (van Olphen 1977). As 
separation reduces further Born repulsion occurs, which prevents the 
interpenetration of matter into clay crystals (Overbeek 1964; van Olphen 1977, 
1987). 
Based on some of these interaction forces the net energy potential that occurs 
between two particles can be drawn (Figure 2.11). The double layer repulsion 
(curve a) decays exponentially with distance, whereas the decay of van der 
Waals force is as described in Section 2.2.2.2 (Shaw 1976; van Olphen 1977, 
1987). At very low separations Born repulsions dominate, though fall off 
rapidly since they vary proportionally with the inverse of the 12th power of 
distance (Bennett and Hulbert 1986). The net effect is shown as curve d, which 
typically produces a primary and secondary minima (Figure 2.12). This is due 
to the smaller decline of van der Waals forces with distance (Shaw 1976; 
Beddow 1980). 
The above considerations prompted the formulation of a quantitative model, 
based on two parallel plates and sometimes known as the D. L. V. O. theory 
(Arnold 1978; van Olphen 1987). Many objections have been raised 
concerning the validity of this theory to clay systems. Firstly, van der Waals 
forces cannot be computed accurately (Low 1968; van Olphen 1987). 
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Secondly, the pH of the system has been neglected, because it is not amenable 
to mathematical treatment (Shaw 1976). Lastly, Israelachvili and Pashley 
(1983) showed that this theory breaks down at distances less than 3nm from the 
clay's surface due to hydration forces. They found that within this range, the 
force oscillates between alternating maxima and minima. Thus association is 
more likely to occur through sliding rather than face to face interaction, 
indicated by the D. L. V. O. theory. 
One clear observation is that to aggregate or flocculate particles, the separation 
distance must correspond to an attraction position. If the particles are situated in 
the second minima position, a loose reversible flocculated structure forms 
(Shaw 1976). For full coagulation enough energy must be supplied to 
surmount the maxima, or energy barrier, and enter into the deep minima. Here 
considerable energy must be supplied before the bond is broken. This energy 
barrier is associated with the "activated energy", i. e. that required to surmount 
this barrier (van Olphen 1977,1987). This is similar to that used in rate 
process theory which Mitchell (1976) and others have used to analyse shearing 
in soils (see Section 2.6). The height of the barrier can be altered by changes to 
the double layer, which is sensitive to pore fluid chemistry (Section 2.4). 
Changes in salt concentrations change the rate of flocculation (van Olphen 
1987). Various particle associations also result from differing salt concentration 
(see Section 2.5.3). 
Although this qualitative model is clearly an over-simplification of the real 
situation, it does give a good insight into fabric alterations that arise from 
physico-chemical changes. However, to properly consider real clays, a four- 
dimensional potential energy plot would be required (Bennett and Hulbert 
1986). 
2.5.3 Clay Fabric : Initial Concepts 
There are three main modes of particle association that can occur in clays, the 
exact type being controlled by the physico-chemical interactions discussed in the 
previous section. They can occur independently or simultaneously and are Face 
to Face (FF), Edge to Edge (EE) or Edge to Face (EF) (van Olphen 1977). Van 
Olphen (1977) distinguished flocs and aggregates. The former occurs via EE or 
EF association, whereas the latter is a FF arrangement. Deflocculation or 
dispersion occurs when these arrangements are destroyed, which occurs if the 
pH or anion concentration is increased. The various associations that can form 
in clays are illustrated in Figure 2.13. 
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Changes in salt concentration can alter the fabric. Lambe (1960) suggests that 
flocs form at low salt concentration and that increase in concentration disperses 
the structure before reflocculating it. Van Olphen (1977) noted that 'non-salt' 
flocs produced a voluminous EF 'cardhouse' arrangement, whereas dispersion 
reduced this to a much denser structure. Further increase in salt content resulted 
in a stacked FF arrangement. This effect was most pronounced in smectite. 
Lambe (1960) further demonstrated that a reduction in pH and an increase in 
temperature could produce a flocculated structure. Low (1968) showed 
evidence to support these arrangements, though recent electron microscope 
studies have shown that domains are more common (Bennett and Hulbert 
1986). Therefore, the aggregated fabrics shown in Figures 2.13(b), (e), (f) and 
(g) are more common in clays. 
2.5.4 Natural Fabrics and Mineralogical Effects 
Current studies have shown that natural sediments are made up of domain, 
aggregate or linked chains (McConnachie 1974; Mitchell 1976; Bennett and 
Hulbert 1986; Nagaraj et al 1990). Reviews of the current concepts have been 
made by Mitchell (1976) and Bennett and Hulbert (1986) and these are 
summarised below. 
For monomineralic clays, deposits have fabrics termed: Domain, bookhouse, 
stair stepped and clusters. Domains consist of particles aggregated into a 
parallel formation (Figure 2.14(c)) and are sometimes called turbostratic. 
Bookhouse (Figure 2.14(a)) fabrics are made up of an FF arrangement of 
packets. Stair stepped is formed from a 3-dimensional network of chains in a 
FF stepped arrangement and clusters are grouped particles (Figure 2.14(b)). If 
more than one particle size occurs aggregates, or ped, will form. 
Clays tend to form surface coatings around larger silt and sand particles in 
mixed soil. Thus they can dominate behaviour even when present in small 
amounts (Grim 1968). 
Bennett and Hulbert (1986) summarised the factors that control the fabric of 
natural sediments. These indicated that physico-chemical forces were important 
in controlling the initial fabric. However, alteration tended only to occur via 
mechanical disturbance, although there are some cases where chemical 
disruption of overconsolidated fabrics have occurred. Pusch (1973) showed 
that clays have a great affinity for organics. However, inorganic clays or clays 
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of low organic content (less than 5%) have structure controlled by physico- 
chemical forces. 
The effect of loading on natural soils is shown in Figure 2.15, in terms of its 
fabric changes. Typically, consolidation causes a bookhouse structure to 
collapse into a turbostratic structure horizontally orientated. The reorientation 
occurs in the major principal load plane. McConnachie (1974) and others have 
shown that reorientation or collapse typically occurs at a stress of around 15 
kPa. This they suggested corresponds to the greatest stress that the physico- 
chemical inter-particle forces can withstand. At low stress domains act as a 
unit, whereas above this 15 kPa break point the structure collapses. The 
domain/clusters distort and single particles reorientate reducing EF 
arrangements to FF ones (McConnachie 1974; Bennett and Hulbert 1986). 
More recent studies using mercury intrusion porosimetry (MIP) techniques have 
suggested that a deformable aggregate model is more applicable to clay soil than 
then cluster model described above (Griffiths and Joshi 1989). These studies 
examined four clays up to a pressure of 1500 kPa and showed that the inter- 
aggregate pores reduce while the intra-aggregate pores remain unchanged with 
increased stress. In discussion of this work Nagaraj et al (1990) noted that the 
MIP test is not the right diagnostic test to disprove the cluster model. Further 
practical problems occur with the MIP test because sample preparations 
unavoidably allows the clays to swell, thus the fabric is altered. This work did 
show, however, that increased stress causes a collapse of large pores thus 
forming smaller ones, although the smallest pores (< 0.1 µm) remain constant 
even when the stress is increased to 1500 kPa (Griffiths and Joshi 1989; 
Nagaraj et al 1990). This is because the small pores, owing to their size, are 
strong enough to resist deformation (Nagaraj et al 1990). Clearly further work 
is necessary. It was noted, however, that mineralogy is an important factor to 
consider (Griffiths and Joshi 1989). 
Remoulding and shearing has a similar reorientation effect. Shear failure will 
cause a parallel orientation to the failure plane (Mitchell 1976; Bennett and 
Hulbert 1986). It should be noted that these observations have been made 
using Scanning and Transmission electron microscopes (SEM and TEM). 
McHardy and Birne (1987) pointed out that the dehydration technique employed 
may lead to misleading results. Thus it is important to note the technique used. 
The effect of mineralogy on the fabric has been observed by many researchers. 
The large pH edge effect with kaolinites and the effect of salt concentration on 
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sodium montmorillonite/smectite have all been observed (Marshall 1964; Toth 
1964; Low 1968; van Olphen 1977; Jepson 1984). Swartzen-Allen and 
Matijevic (1974) reviewed work showing that kaolinites were less salt-sensitive 
than montmorillonites. They further noted that smectites will deflocculate 
kaolinites. Beddow (1980) showed that these clays have structures quite 
different from each other. 
Sides and Barden (1971) studied the microstructure of dispersed and flocculated 
kaolinite, illite and montmorillonite. All samples were first consolidated to 30 
kPa and then air dried. Flocculation was achieved by calcium hydroxide and 
dispersion by sodium oxalate. They concluded that dispersed fabrics of 
kaolinite and illite were both well orientated. The flocculated fabric of kaolinite 
was turbostratic, while illite produced a random fabric. No conclusion could be 
drawn about montmorillonite due to its small size. They further concluded that 
reducing clay size increased the chemical effects. Rao (1972) noted that certain 
chemical agents could produce unnatural physico-chemical conditions. He 
considered that calcium hydroxide is a poor choice, which thus limits the 
conclusion of Sides and Barden (1971). Lanier and Jones (1979) studied the 
effect of increased salinity on kaolinites. They showed that at sea water 
concentrations the structure was an EF one, whereas distilled water produced a 
FF fabric in an offset pattern. Jepson (1984) observed that flocculated kaolinite 
produced stepped FF clusters with some random EF association. Odom (1984) 
when studying smectites noted that a flocculated cardhouse arrangement was 
present. Bennett and Hulbert (1986) reviewed studies that examined illite and 
kaolinite flocculated in distilled water. The resulting structure was a FF stepped 
cluster arrangement. In natural clay deposits a wide variety of minerals 
normally occurs some of which are interstratified. Thus the type of fabric will 
consist of domains, or peds, of the different minerals intermixed, resulting in a 
very complex type of fabric. However, the general principles discussed in this 
chapter apply equally to these soils as they do to monomineralic soils. 
Clearly the type of mineral and pore fluid chemistry will affect the fabric 
formed. This is particularly important with reconstituted samples. 
2.5.5 Summary 
It is clear that natural clay/soil fabrics are complex, consisting of single or 
compounded particles. The inter-particle interactions are also complex, 
although the two-dimensional net energy potential model can give a good 
insight into fabric and interaction mechanisms. The chemical environment 
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controls the fabric, while mechanical aspects predominate post-depositional 
stages. It is also evident that different clay minerals respond both to chemical 
and mechanical forces uniquely. 
The mechanical behaviour depends on the clay's fabric. Flocculated structures 
have a more voluminous structure when compared with dispersed ones. The 
interaction, and hence mechanical behaviour, is a function of mineralogy. 
Smectite may well be dominated by physico-chemical forces, whereas these 
may well be minor in kaolinite systems. This will be discussed in more depth 
in the next section. It should be further noted that mechanical forces themselves 
play an important part in controlling clay structure. Shearing and anisotropic 
consolidation tend to orientate particles, thus affecting the uniformity of stresses 
within the fabric. 
2.6 ENGINEERING BEHAVIOUR 
2.6.1 Introduction 
As has already been discussed in the previous sections, the nature of short and 
long range physico-chemical forces are fundamental to the understanding of a 
clay's mechanical behaviour. Various studies have shown the considerable 
influence of these forces, which are controlled by a clay's mineralogy. 
Examples include plasticity (Seed et al 1964b, Muhunthan 1990); volume 
change (Olson 1974; Mitchell 1976; Sridharan et al 1986), stress transfer 
(Nagaraj et al 1990) and conductivity (Sridharan et al 1987; Pamukcu et al 
1990). These properties depend on the composite effects of several interacting 
and possibly inter-related factors, e. g. compositional and environmental 
(Mitchell 1976; Keedwell 1984). Compositional factors include mineralogy 
and pore fluid chemistry, whereas environmental factors are, for example, 
fabric, moisture content and temperature. The importance of fabric (see Section 
2.5) is well known and was recently illustrated by Burland (1990). 
Changes in properties occur when the physico-chemical regime is altered in 
some fashion. Recent work carried out to examine the effects of contaminants 
on the behaviour of clays has illustrated this point (Sridharan et al 1987; 
Pamukcu et al 1990; Mitchell 1991; Brandl 1992). This work further showed 
the importance of mineralogy. It is known that smectites are highly sensitive to 
physico-chemical changes, whereas kaolinites are considerably less sensitive to 
these changes (Mitchell 1976). However, these forces still influence the fabric 
formed by kaolinites. Based on these ideas, a qualitative model of clay 
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behaviour is discussed with the aim of elucidating the physico-chemical effects 
on clay's engineering behaviour. Using this model the effect of temperature can 
then be considered and discussed in a logical framework. 
2.6.2 Nature of particle contacts 
When a clay is loaded the stresses produced must be transferred through the 
clay via the contact points. The nature of these contacts is controlled by short 
and long range physico-chemical forces discussed in Section 2.5.2, and thus 
the force transmitted at these points are similarly controlled. However, the 
exact nature of these is still highly speculative, largely because it is only 
possible to obtain an indication of what they might be (Mitchell 1976; Lambe 
and Whitman 1979). This is further hampered because several bond types 
occur concurrently and so quantitative treatment is not possible (Burrous 1973; 
Mitchell 1976). 
It has been suggested that the contact bonds in clays occur through the strongly 
adsorbed water layers, thus the mineral particles do not actually touch (Scott R 
1963; Noble 1970; Bjerrum 1973). Others have proposed that a solid to solid 
contact occurs, though this was largely based on the rate process idea (Mitchell 
1964; Mitchell et al 1969), the limitations of which are discussed in Section 
2.6.3. However, both of the above explanations can explain a clay's 
behaviour. Mitchell (1976) cited work which proposed that the contacts may be 
via adsorbed water. It noted that the structure of this water may not be too 
different from that of the silicate surface, thus the boundary is not discernible. 
Therefore when using rate process ideas, the two types of contact would not 
appear to be distinguishable. Whatever the junction between particles, cations 
and water must be present in some form in the near vicinity to the contact point, 
and thus must participate in the stress transfer process (Noble 1970; Mitchell 
1976; Keedwell 1984). It should be further noted that clay/sand particles have 
rough microscopic surfaces even when considered smooth, therefore the 
contacts can occur via the asperities (Lambe and Whitman 1979; Keedwell 
1984). This is accepted to be the case with sands, whose solid grain contacts 
overwhelm any adsorbed film that occurs (Olson 1974; Keedwell 1984). 
The nature of the contact depends upon the stresses that occur at the contact 
point. The contact stresses in sands, for example, are much higher than those 
in clays due to their relative sizes (Mitchell 1976; Keedwell 1984). The smaller 
clay particles have many more contacts per unit area than sands, thus for a given 
stress level the force per contact is much less. In sands frictional contacts 
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develop (see Section 2.6.3), though due to the high contact stresses experienced 
cold welding between particles may occur when loaded. This results in a 
primary valence bond between particles. However, upon removal of the load, 
these bonds rupture and thus sands are cohesionless (Mitchell 1976; Keedwell 
1984). In comparison clays can be highly cohesive, this increasing as the 
particle's size is reduced. This suggests that the contacts form bonds via 
adsorbed water, and thus represents the true cohesion in clays (Bjerrum 1973; 
Mitchell 1976; Keedwell 1984). 
Clearly this is related to size, which is determined by the clay's mineralogy 
(Section 2.3). This was illustrated by the work of Olson and Mesri (1970), 
Olson (1974), Sridharan et al (1986), and others. They studied the behaviour 
of kaolinite, illite and smectite in both shear and compression. This showed 
that a range of contacts occur depending on the particle size. Kaolinites showed 
solid type contact behaviour, whereas the behaviour of smectite suggested that 
contact bonds occurred through the adsorbed water layers. The latter was 
strongly influenced by changes in the cationic nature of the pore fluid. Illites 
exhibited behaviour that indicated that the contacts were somewhere in between 
these two types. These effects were further highlighted by Mitchell (1976), 
Lambe and Whitman (1979), Israelachvili and Pashley (1983) and Keedwell 
(1984). 
The work of Israelachvili and Pashley (1983) showed that smectites and mica 
could have adsorbed water contact, the particle separation corresponding to 
water layers when the net energy potential was plotted. Keedwell (1984) 
suggested that kaolinites and illites contacts were of a hybrid form, somewhere 
between those of sands and those of smectites. Thus kaolinites are associated 
with a higher percentage of solid contacts compared with illite. Therefore, 
some cold welding of kaolinite particles may be possible, whereas illite may 
show some sensitivity to changes in pore fluid chemistry. As most soils 
contain illite or illite/mica smectite inter-stratified particles (Section 2.3), hybrid 
water/solid contacts are likely to be common. These would be sensitive to 
changes in pore chemistry, though external factors may be more important (see 
below). It should be noted that extreme chemical changes may completely alter 
the particle's nature and hence behaviour by attacking the mineral's structure 
(Rao 1972; Brandl 1992). 
Baldi et al (1988) pointed out that moisture content and hence pressure would 
also determine the contact bond type. As the moisture content reduces, or 
pressure increases, the contact becomes much more solid in nature, although the 
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relative amount of solid contact at a given pressure depends on the mineralogy. 
This was further illustrated by Mitchell (1991), who showed that at high 
pressures osmotic consolidation was insignificant and mechanical behaviour 
dominated. This is discussed further in Section 2.6.4. Allam and Sridharan 
(1984) illustrated that viscous shear strengths associated with adsorbed water 
contacts were insignificant when compared with the strength actually observed. 
However, their analysis was based on a quantitative model with all its inherent 
problems (Section 2.4). 
Bjerrum (1973) suggested that a gradual transfer from water to solid contacts 
would occur as shearing commenced. Keedwell (1984) noted that mechanical 
disturbance would change the nature of the water in the contact zone, from a 
rigid- to a fluid-like structure. This gives the contacts a thixotropic quality. 
However, the exact nature and influence of contact type on soil behaviour is still 
controversial. 
The nature of these contacts prompted Lambe (1960), Chattopadhyay (1972), 
Mitchell (1976), and Lambe and Whitman (1979) to modify Terzaghi's effective 
stress equation to take account of physico-chemical effects: 
6= 6'+U+ (R-A) 
where 6= total applied stress 
6' = intergranular pressure 
U= pore water pressure 
R= double layer and contact repulsion 
A= van der Waals and primary attractions 
Thus the term (R-A) is the net physico-chemical interaction. 
(2.1) 
For sand (R-A) is close to zero, thus Terzaghi's equation holds. However, for 
smectites, particularly in a monovalent form, (R-A) is significant and thus 
modifications are required, though quantitative treatment is not possible. For 
materials between these two extreme cases the significance of (R-A) is 
negatively related to particle size but increases with specific surface area. 
Clearly the nature of particle contacts controls the engineering behaviour of 
soils. These contacts are determined by the physico-chemical forces, either 
long or short range, which in turn are controlled by mineralogy. The exact 
nature is not known though it must be related to size: large sand particles have 
solid to solid contacts, whereas colloidal monovalent smectite particles have 
36 
adsorbed water contacts. The latter type is affected by changes in pore fluid 
chemistry. Hybrid contacts occur in kaolinite and illite/mica in which water 
contacts are more dominant with illites. However, in all clays the physico- 
chemical water properties always influence behaviour, only the relative 
significance changes with particle size. This is why initial fabrics, both natural 
and reconstituted are controlled by these interaction forces (Section 2.5.2). 
The presence of clay has a significant effect in any soil because, as has already 
been illustrated, it can markedly alter a soil's behaviour. The next two sections 
examine physico-chemical effects on shear and compression. From this 
temperature effects can be fully examined. 
2.6.3 Shear behaviour 
Shear strength in clays is generally controlled by many inter-related factors, 
both compositional and environmental (Low 1968; Mitchell 1976; Rosenqvist 
1984). These include structure, fabric, history, bond strength, temperature, 
etc. The shear stresses are transmitted through the contacts, which are 
controlled by short and long range physico-chemical forces (Section 2.6.2). 
The precise nature of shear is complex and not fully understood (Rosenqvist 
1984). However, the shear strength can be considered to have two basic 
components: friction and cohesion (Mitchell 1976; Rosenqvist 1984 and many 
others). 
Friction consists of sliding, particle rearrangement, dilatancy and crushing 
components. Cohesion occurs via cementation bonds, electrostatic and primary 
valence attraction. Cementation is very common in natural materials, and 
occurs via hydrous oxide surface coating (e. g. iron oxide on clay particles) or 
by the addition of a cementing material such as lime (Mitchell 1976; Brown et 
al 1978; Sridharan et al 1986). Electrostatic cohesion is determined by van der 
Waals forces and EF arrangements, while primary valence bonds are related to 
normal effective stresses. The latter type may be via solid or water contacts. 
These are distinct from apparent cohesion, which occurs via negative pore water 
pressures (or suction) and particle interlocking. 
Generally, shear strengths of clay is governed by the equation 
T= 6'n tan 0/ (2.2) 
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where ti is shear strength 
Y'n is normal effective stress 
0' is friction angle 
assuming c' is equal to zero (ie no cohesion). 
This friction angle contains several contributing factors (discussed above). 
However, true friction Ou is controlled by interparticle resistance to sliding and 
can account for over half the peak strength and nearly all the residual strength of 
clays (Mitchell 1976). 
Using the initial concepts laid down by Terzaghi (1920), Mitchell (1976) 
explained the modern concept of friction. Terzaghi hypothesised that a normal 
load N, acting on two bodies in contact, would cause yielding of asperities 
where solid contacts develop. Thus the contact area Ac is given by 
Ac =N (2.3) 
Gy 
where ßy is material's yield strength. 
Therefore, the maximum shear force that can be withstood by these contacts is 
T, where 
T= Ac rm (2.4) 
tim 
thus µ=- 
Gy 
where µ is coefficient of friction 
'Cm is assumed material shear strength in the yield zone and is related 
to material composition. 
This formed the basis of adhesion theory which relates tangential forces that 
cause sliding to solid contact area and contact shear strength. Thus it considers 
two factors to be important, namely surface roughness (Section 2.6.2) and 
surface adsorption (Section 2.4.3). These contacts will deform elastically 
and/or plastically depending upon the normal load applied. Therefore, adhesion 
theory is useful to qualitatively demonstrate the mechanism involved at particle 
junctions. 
With elastic junctions friction can be related to effective stresses, using Hertz 
theory for two spheres in contact. 
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Thus, 
µ= ri K (6')-1/3 (2.5) 
where µ is coefficient of friction 
Ti is contact shear strength 
K is function of geometry 
is normal effective stresses 
This shows that µ reduces with increasing 6', independently of sphere radius 
and particle size. Although, this assumes the number of contacting asperities in 
a soil is independent of particle size and 6' together with one asperity per 
contact. However, Mitchell (1976) did note that t may be related to particle 
size, which may explain apparent contradictions with normal friction concepts. 
Nonetheless, this theory should still be applicable to explain junction behaviour. 
When the junction deforms plastically the contact area is proportional to the 
normal force on the asperities. This is illustrated in Figure 2.16. In this case 
the shear strength is related to mineral contact strength, Cm and adsorbed film 
strength, tic, via 
T= Ac [&Cm + (1-s) cc] (2.6) 
where T, Ac and 6 are defined in Figure 2.16. 
This equation can only serve to qualitatively analyse plastic junctions because S 
and tic cannot be easily measured. This is related to particle size. As this 
reduces so the load per asperity reduces and more of the shear is taken by the 
adsorbed film. Hence sands, which have high contact stresses, have shear 
resisted by mineral contacts. However, it is likely that for monovalent smectite 
in a parallel arrangement, the contact would be water to water. Thus the overall 
contact nature depends on mineralogy (Section 2.6.2), and thus because ('Cc < 
im) it follows that 1u for small platy particles is less than Ou for large bulky 
ones. 
Therefore, clays have both elastic and plastic junctions in varying degrees, 
depending upon the load applied and the mineralogy. At low pressures elastic 
junctions are likely, thus µ varies with effective stress. However, as load 
increases, plastic junctions develop and µ is now independent of effective 
stress. Experimental evidence has been provided to support this theory for 
clays (Chattopadhyay 1972; Anayi 1990, see Chapter 7). Evidence from 
quartz and other non-clay minerals shows that µ is independent of the normal 
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force, regardless of load applied (Kenney 1967). Mitchell (1976) suggested 
that there were at least two possible explanations. 
Firstly, as the load increases, so the number of asperities in contact increases 
proportionally, but the deformation of each remains constant. If this is the case 
the assumption in the development of equation 2.5 is invalid. Secondly, as the 
load per asperity increases, so a greater proportion of the contact is solid, 
equation 2.6. Thus the average strength per contact increases more than 
proportionally while the area increases less than proportionally with load. 
Overall, the friction resistance remains constant. Either of these explanations 
may be valid depending on surface texture and adsorbed film character (Mitchell 
1976). 
To improve understanding of microscopic behaviour, several authors have 
proposed a rate process theory. This is used to explain various mechanical 
behaviour in terms of fundamental parameters (Mitchell 1964; Campanella 
1965; Low 1968; Mitchell et al 1960; Noble 1970; and others). This theory 
uses statistical mechanics and considers that deformation is related to atomic 
bonds, which are continually breaking and reforming. This is due to atomic 
oscillation resulting from their thermal energy. When the mean energy at any 
instance is greater than that of the activated energy (Section 2.5.2), the bond 
ruptures and deformation occurs. Ladd (1964), Scott R (1964) and Burrous 
(1973) considered there to be several limitations with this theory, some of 
which were recognised by the authors themselves. These include assumptions 
made about certain parameters and whether they remain constant during 
loading, in addition to the fact that no rigorous proof exists even for the 
simplest systems (Mitchell 1976). It was also assumed that the particles are 
stressed uniformly, whereas this does not occur in any soil although a 
correction for this has been proposed (Burrous 1973; Pusch 1976; Virdi 
1984). 
Rheological models have also been advanced, although these too have several 
limitations. These include the complexity of the relationships, which necessitate 
evaluation both empirically and mathematically of several parameters and may 
not be valid at all stresses (Campanella 1965; Shaw 1976; Mitchell 1976). 
Furthermore, rheological models relate to one particular soil only (Virdi 1984). 
Thus many problems with quantitative assessment of clay behaviour are still to 
be resolved. Qualitative and empirical studies will therefore currently yield 
more positive information until such a time that quantitative analysis improves 
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sufficiently to overcome its inherent problems (Burrous 1973; Baldi et al 
1988). 
As has already been discussed shear behaviour is related to mineralogy. 
Generally for a given soil regime, the effective strength decreases with size as 
follows: kaolinite > illite > smectite (Olson 1974; Mitchell 1976). For 
kaolinites the shear strength is largely controlled by physical factors (e. g. size 
and shape) rather than long range physico-chemical forces. Olson (1974) stated 
that pH has no effect on the drained behaviour of kaolinites. In smectites, 
however, adsorbed water may influence the shear behaviour, although it is 
primarily influenced by physical factors (Olson 1974; Mitchell 1976), and it is 
known that changes in cationic nature alter the shear behaviour of smectites 
(Mesri and Olson 1970; Olson 1974). Therefore, shear in clays generally is 
controlled by the same mechanism as in sands, but with a minor adsorbed water 
component. This component's significance varies with mineralogy, and can be 
predicted by adhesion theory. Monovalent smectites are possibly the exception 
to this because their friction angles are very small even at high loads (Mesri and 
Olson 1970). Therefore no definite conclusion can be made about the drained 
shear behaviour of smectites (Olson 1974). 
2.6.4 Volume change behaviour 
Compression occurs when water is removed from a saturated clay via a time- 
dependent process, i. e. consolidation. Volume changes occur when load is 
applied, as a result of a compression of the double layer, flexing of elastic 
particles and rupture of inter-particle bonds. The latter results in irreversible 
particle reorientations. The first two are small but reversible and account for 
swell back when load is removed. Hence volume changes in clays are 
associated with two basic processes. Firstly that related to mechanical load 
which occurs in all systems. The second is chemically induced and relates to 
osmotic forces (Sections 2.4.2 and 2.6.2), the relative importance of which is 
related to particle size, hence mineralogy. Thus for highly plastic clays such as 
smectite, osmotic consolidation dominates and (R-A) in equation 2.1 (Section 
2.6.2) is significant. These effects are particularly important in waste liners 
(Mitchell 1991; Brandl 1992). However, the significance of these forces 
diminishes as load increases, where physical interactions begin to dominate. 
Hence, the contacts are more solid to solid (Section 2.6.2). Unfortunately a 
clear picture is not yet available, though it is considered by most authors that 
osmotic forces control swelling and consolidation at low pressure with highly 
plastic clays (Mitchell 1976,1991; Sridharan and Jayadeva 1982). Hence 
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volume change is controlled by double layer repulsion and the membrane effect 
(Section 2.4). Although quantitative analysis has been attempted it has met 
with varying degrees of success (Section 2.4.5) 
As consolidation is a time-dependent process, it must be related to permeability 
which accounts for the major differences between the behaviour of clays and 
sands (Section 2.6.2). This is highly dependent on fabric and thus indirectly 
related to physico-chemical forces (Section 2.5.2). The flow of water through 
clays is governed generally by Darcy's law, although many researchers have 
suggested that deviation will occur at low void ratios, particularly with highly 
plastic clays. This has already been discussed in Section 2.4.5. However, to 
explain how void ratio, and hence permeability, changes when a clay is loaded 
Mitchell (1976) used the cluster model of clays (Section 2.5.4). It has been 
noted, however, that the validity of this model has been questioned and an 
alternative proposed (Section 2.5.4). Both models still show that as load 
increases the overall pore size reduces, this being related to mineralogy. It is 
likely that some deviation from Darcy's law will occur with highly plastic clays 
at low moisture contents, where all the pore water is adsorbed and quasi- 
crystalline in nature. In some cases the Kozeny-Carman equation has been used 
to relate permeability to fabric for clay systems (Mitchell 1976). However, 
large deviations are experienced when this equation and other similar equations 
are applied to clays. This is because the assumptions made are inappropriate for 
clay systems (Mitchell 1976). It has been also observed that changes in cation 
valence and anion population have a pronounced effect on the permeability of 
clays (Mesri and Olson 1971; Sridharan et al 1986; Sridharan et al 1987; 
Pamukcu et al 1990). Generally, the permeability increases as all these factors 
are increased though electrolyte concentration have a less significant effect 
(Mesri and Olson 1971). 
Many researchers have studied the effect of mineralogy on the compression and 
consolidation characteristics of clays, showing the relative importance of the 
physico-chemical phenomena to each (Salas and Serratosa 1953; Bolt 1956; 
Warkentin and Yong 1970; Mourn and Rosenqvist 1961; Olson and Mesri 
1970; and Sridharan et al 1986). The results of these studies suggest that 
mineralogy determines the relative significance of physico-chemical forces, 
although mechanical forces are always present (Section 2.6.2). Generally, the 
physico-chemical forces are insignificant with large kaolinite particles and thus 
their consolidation and compression are controlled by mechanical interactions, 
and any effects observed are generally related to changes in pre-loaded fabric. 
However, some extreme chemical environments may alter kaolinite's behaviour 
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(Osho 1989; Pamukcu et al 1990), though this may be due to alteration to the 
mineral's structures (Rao 1972). 
Conversely, smectites are predominated by physico-chemical forces, the 
greatest affects occurring when in the monovalent form. Changes in cations 
from monovalent to di- or tri-valent cations can significantly reduce the 
compressibility characteristics and limit the swelling that occurs, via alteration, 
to the double layer (Section 2.4.4; Sridharan et al 1986). Variations in the 
anion nature can also alter these changes (Sridharan et al 1987). Illites exhibit 
behaviour that is controlled by pore chemistry changes, though the significance 
of these is much lower than with smectites. Mesri and Olson (1971) considered 
that volume change could be mechanical dominated except when in a 
monovalent form. 
Clearly the influence of long range physico-chemical forces is related to 
mineralogy and pressure and thus has very important engineering implications. 
At higher pressures and with larger particles, short range physico-chemical 
forces account for clay behaviour. It may even be possible that cold welding 
occurs in kaolinites due to their relatively high contact stresses. However, as 
particle size and load reduces so the significance of longer range physico- 
chemical is increased. 
2.7 SUMMARY 
Clearly the mechanical behaviour of clays and soil in general is very complex and 
certainly not fully understood. Although various quantitative models have been 
proposed and used, they meet with a limited amount of success due to the complexity 
of clays. These problems stem from their mineralogical differences. Typically a range 
of mineralogies is often encountered and this has a range of different properties 
associated with it. Therefore, a distinction should always be made regarding the 
mineralogy of clay if the behaviour is to be fully understood and anomalies accounted 
for. 
The nature of contacts and hence the way stresses are transmitted through clays, is a 
function of mineralogy. Smectites show very different properties from those of 
kaolinites. Therefore, mineralogy should always be determined. Based on these ideas, 
this study investigates qualitatively and empirically the effect of temperature on the 
mechanical properties of different clay minerals. In the next chapter a review of the 
temperature literature is made, before the effect of temperature on clay properties is 
discussed. 
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Table 2.1 Specific surface area (after Mitchell 1976; 
Atkinson & Bransby 1978) 
Soil Mineral Type Specific Surface Area 
m2/g 
----------------------------------------------------------- 
Sand; quartz 12x 10-4 
(Kaolinite 10 - 20 Clay (Illite 65 - 200 
(Montmorillonite - 800 
Table 2.2 Ionic radii and relative size of ions common in clays 
(after Childs 1969; Brady 1974; Mitchell 1976; 
Brown et al 1978; Bennett and Hulbert 1986) 
Ion 
-------------- 
Non-Hydrated 
radius / nm 
-- - -- - 
Hydrated 
radius / nm 
S14+ 
-- - --- ----------- 
0.041 
------------------ 
- 
A13 0.050 - 
Fe3+ 0.640 - 
Mg2+ 0.065 1.08 
Ca2+ 0.099 0.96 
Na+ 0.095 0.56-0.79 
K+ 0.133 0.38 - 0.53 
02- 0.140 - 
OH- 0.140 
F- 0.136 
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Table 2.3 Clay mineral classification 
(after Brown et al 1978; Brown 1984; Newman and Brown 1987) 
Structure type 
------------ 
1: 1 layer 
2: 1 layer 
2: 1 layer 
2: 1 layer 
Group Sub-group 
---------------------------------------- 
Serpentine trioctahedral 
- kaolinite 
dioctahedral : kaolinite 
halloysite 7A 
halloysite 10A 
Talc-pyrophyllite 
Smectite 
trioctahedral : talc 
dioctahedral : pyrophyllite 
trioctahedral : saponite 
dioctahedral : montmorillonite 
Mica trioctahedral : biotite 
dioctahedral : muscovite 
glauconite 
illite 
2: 1 layer I Brittle mica I trioctahedral 
dioctahedral 
2: 1 layer 
2: 1 layer 
2: 1 inverted ribbons 
Vermiculite 
Chlorite trioctahedral 
di-trioctahedral 
di-dioctahedral 
Sepiolite- 
palygorskite 
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Swelling 
Plasticity 
Cohesion 
Surface area 
Particle 
size 
Figure 2.1 Engineering properties related to particle size 
(after Brady 1974) 
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Figure 2.2 Diagrammatic sketch 
(a) a single tetrahedron 
(b) silica tetrahedra in a sheet arrangement 
(c) silica tetrahedra in a hexagonal network 
(after Grim 1968) 
(a) 
O and ;,; = Hydroxyls 
/\ 
ýý \ 
/ ý/ 
"ýý 
(b) 
" Aluminums, magnesiums, etc. 
Figure 2.3 Diagrammatic sketch 
(a) a single octahedral unit 
(b) Octahedral sheet (after Grim 1968) 
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Figure 2.4 Diagrammatic sketch of a kaolinite structure 
(after Grim 1968) 
0 Aluminum. iron, magnesium 
0 Oxygens O Hydroxyls 
0 and 40 Silicon. occasionally 
Figure 2.5 Diagrammatic sketch of a smectite structure 
(after Grim 1968) 
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Exchangeable cations 
nH2O 
Figure 2.6 Diagrammatic sketch of a muscovite structure 
(after Grim 1968) 
Figure 2.7 Diagrammatic sketch of a chlorite structure 
(after Grim 1968) 
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Figure 2.8 The effect of pH on the positive and negative charges 
of smectite, mica and kaolinite 
(after Greenland and Mott 1978) 
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Figure 2.9 Diffuse layer showing cation and anion concentration 
with distance from particle (after Mitchell 1991) 
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Figure 2.10 A schematic representation of the Stern and diffuse parts of 
the double layer with their associated potential decay curves 
(after Arnold 1978) 
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Figure 2.1 1 Potential energy versus interparticle distance for two 
particles in suspension (after Bennett and Hulbert 1986) 
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Figure 2.12 Potential energy versus interparticle distance for two 
particles in suspension (after Bennett and Hulbert 1986) 
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Modes of particle association in clay suspension (after van Olphen 1977) 
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(b) Prefect stack 
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Figure 2.14 Types of fabric that occur 
in natural sediments 
(after Bennett and Hulbert 1986) 
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Figure 2.15 The effect of loading on a natural sediment 
(after Bennett and Hulbert 1986) 
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Figure 2.16 Plastic junction between asperities with adsorbed 
surface (after Mitchell 1976) 
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CHAPTER 3 
TEMPERATURE EFFECTS 
3.1 Introduction 
Temperature changes, both steady state and transient, arise in soils from many different 
sources. These include radioactive waste and contaminated landfill sites, which are 
increasingly becoming important due to the growing awareness of environmental issues 
(Houston and Lin 1987; Brandl 1992). Other sources include liquefied natural gas 
sources, pipelines, kilns and underground power cables (Eichler and Kazda 1965; 
Mitchell 1976). Recently Mitchell (1991) highlighted the importance of heat flow and 
the profound effect it has on the behaviour of geotechnical materials. He also cited 
work which showed that temperatures of about 900C have been induced around buried 
electric cables. Temperatures in excess of 2500C have been recorded with some 
ground improvement techniques, such as lime piles and columns (Kitsugi and Azakami 
1982; Glendinning 1993). Furthermore, heat applied to soil has successfully been 
used as a stabilisation technique (Mitchell 1976). It has even been suggested that clays 
could be used for heat storage, to provide warmth in winter (Adolfsson et al 1985). 
Further temperature changes can occur in situ due to either alteration in the temperature 
of the ground water or via daily temperature fluctuations. The latter has been observed 
to be responsible for salt heave problems in California (Blaser and Scherer 1969). 
Changes to temperatures have also been observed to affect soils during sampling. This 
occurs because ground or ocean bed temperatures, which are typically 5 to 9°C, differ 
from those normally encountered in laboratories (Hight 1983; Virdi 1984). 
Cycling temperature has been shown to affect ion exchange, cause permanent volume 
change and alter pore water pressures in samples (see below). Thus careful control is 
necessary. Furthermore, misrepresentation of temperatures that occur in situ has in the 
past caused problems (Youssef et al 1961; Burmister 1964; Simons 1965). 
It is clear that temperature can interact with soil in a variety of ways. Knowledge of 
how temperature affects a soil's behaviour is therefore very important. However, as 
will be seen, there are conflicting views on the matter. This chapter examines a wide 
range of pertinent literature on the subject dating from 1915. Based on this summary, 
an experimental programme is proposed and temperature effects on the physical 
properties of soil are discussed. 
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3.2 Atterberg Limits 
Considering the fundamental nature of the Atterberg Limits as index tests, and what can 
be potentially gained from them, apparently little work has been carried out on the 
Atterberg Limits in conjunction with temperature. It could be due in part both to their 
diminishing importance in recent years, and problems encountered when performing 
Atterberg Limit tests at elevated temperatures. 
Amongst one of the earliest examinations of the effect of temperature on the Atterberg 
Limits was conducted by Youssef et al (1961). They observed that at increased 
temperatures the Liquid and Plastic Limits (LL and PL) reduced, for all three clays 
tested. They further noted that a line parallel to the 'A' line was produced when the 
results were plotted on the plasticity chart. Ctori (1988,1989) made the same 
observation when testing a brick clay at 6,20 and 35°C. Unfortunately, in both these 
studies no details of the clays used were given, thus limiting any conclusions that can 
be drawn from their work. 
A more detailed investigation was carried out by Laguros (1969). He examined the 
Atterberg Limits of four clay soils of different mineralogies over a temperature range of 
2 to 41°C. He noted that the LL of all four soils followed the same trend discussed 
above. However, the PL, and hence the plasticity index (PI), showed a very erratic 
trend. He suggested that this was due to the influence of the operator's hand even after 
precautions had been taken. Unfortunately, the soils tested all contained a significant 
percentage of fine sand and silt along with high carbonate contents, making 
interpretation of the results more difficult. Moreover, the montmorillonitic soil showed 
a surprisingly low value of cation exchange capacity (C. E. C. ), LL and PL in 
comparison with what is normally associated with this type of clay (Section 2.3). 
Mineralogical effects were also considered by Tippet (1976) and Reifer (1977). Tippet 
(1976) conducted Atterberg Limit tests on three British clays containing varying 
amounts of well crystalline and disordered kaolinite together with various non-clay 
minerals. He observed that over a temperature of 8 to 220C the Atterberg Limits were 
unaffected by temperature. A similar observation was made by Reifer (1977) when 
testing a kaolinite over the same temperature range. However, he noted for various 
kaolinite-bentonite mixtures that elevated temperatures increased the LL. This effect 
increased as the percentage of bentonite was raised. The PL, however, was unaffected 
by change in temperature. 
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Mitchell (1969) considered that a reduction in the LL with increased temperature was to 
be expected. This he considered was consistent with the strength reductions observed 
in clays at elevated temperatures (discussed later in this chapter), since LL is also an 
indirect measure of strength. This is in agreement with the observation of Youssef et al 
(1961), Laguros (1969) and Ctori (1988,1989). However, contradictory evidence has 
been supplied by Tippet (1976) and Reifer (1977). Thus no definite conclusion can be 
drawn. It is likely that these results are produced by a combination of effects. Youssef 
et al (1961) suggested that the viscosity had a 'considerable influence'. Based on this 
they proposed correction factors for temperature, though these met with only a limited 
degree of success. Laguros (1969) considered that his result could be explained in 
terms of changes to the double layer, water's viscosity and geometrical arrangement of 
the particles with temperature. Ctori (1989) suggested that flocculation of the particles 
was promoted by temperature increases. This, coupled with changes to the water 
viscosity, could explain some of the observations made. Clearly mineralogy is a 
significant factor. Highly thixotropic clays such as bentonite may well become 
flocculated at higher temperatures and thus show an increase in LL with temperature. 
This could account for the observation made by Reifer (1977), even though the sample 
should be theoretically in a completely remoulded state. Thus the thixotropic strength 
gain is not only increased by temperature, but also occurs initially at a very rapid rate. 
Therefore, it may be significant even with relatively quickly conducted LL tests. 
These conflicting results are further hampered by questions concerning the reliability of 
the LL and PL tests (see Chapter 5). This is particularly prevalent with the PL test. In 
addition when evaluating the PL an exchange of heat occurs between the operator's 
hand and the soil. Laguros (1969), Ctori (1988) and others did try to overcome this 
problem with the use of gloves. However, this method of testing is also problematic, 
because either some transfer of heat still occurs or the gloves make it extremely difficult 
to ascertain when the PL is reached. Thus it is clear that further study is required. 
3.3 Compaction Characteristics 
Hogentogler and Willis (1936) were amongst the first to investigate compaction 
characteristics in conjunction with temperature. They compacted three silty clays of 
varying plasticity, using the same compactive effort at 2,24, and 46°C. Their results 
are illustrated in Figure 3.1. This shows clearly that, for all three soils at increased 
temperatures, a reduction in the optimum moisture content (OMC) and an increase in 
the maximum dry density (MDD) occurs. They also measured the 'stability' of these 
soils with respect to temperature. This was achieved by recording the force required to 
push a needle into the soil at a specified rate. From this they concluded that a 
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temperature reduction increased the soil's 'stability'. Both of these observations were 
attributed to changes in the water's viscosity coupled with alterations to the percentage 
of adsorbed water at a given moisture content. Thus the particles can slide more easily 
over each other at elevated temperatures, hence the MDD increases. 
Burmister (1956,1964) observed the same effect in the two cases he cited. 
Unfortunately, no explanation or details of the soils tested were given. Youssef et al 
(196 1) carried out a more detailed analysis, the results of which were in full agreement 
with those described above (see Figure 3.2). They considered that these effects 
resulted from temperature's influence on the viscosity of water. Based on this they 
proposed correction factors for temperature, although these met with limited success as 
in the case of their correction factors for the Liquid Limit. A resume of work carried 
out with respect to temperature was presented by Johnson and Sallberg (1962). They 
found that over a temperature range of 2 to 460C the results were entirely consistent 
with those discussed above. This was also found to be the case for soils of different 
mineralogies (Laguros 1969). However, it was reported that for the illitic soils 
temperature effects were insignificant over a temperature range of 2 to 21°C. 
Highter (1969) and Highter et al (1970) tested a kaolin-Ottawa sand mixture (4: 1) at 2, 
13 and 390C via kneading compaction. The results achieved were consistent with those 
already discussed. Highter (1969) suggested that increases in temperature were 
analogous to increases in compactive effort, thus in the field the reduced MDD that 
occurs at low temperatures could be compensated for by an increase in the compactive 
effort. He further proposed that lowering temperature caused a more dispersed 
structure and thus changes in a soil's response to load. A reduction in energy imparted 
to the soil occurs, either because there is a greater loss of energy or a more rigid 
skeleton exists. Furthermore, Highter (1969) considered that a reduction in 
temperature caused the pore water pressure to fall, thus increasing the effective 
stresses. Hence, the MDD is reduced as temperature falls. 
In more recent work Lee and Hsu (1973) investigated the effect of temperature on 
irregularly-shaped compaction curves. Lee and Suedkamp (1972) and Lee (1975) 
observed a correlation between a soil's LL and the shape of the compaction curve. 
Single peak curves tended to occur with soils whose LL was between 30 and 70%. 
Considering this Lee and Hsu (1973) tested a variety of soils containing different clay 
minerals and sand contents, together with two nature soils. A comparison was made 
over a temperature range of 5 to 49oC. They observed that four types of curve were 
produced, ranging from the typical single peak to a double peak curve. They concluded 
that at low moisture contents and with sandy soils, temperature effects were negligible. 
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However, the effect of temperature on the compaction characteristics of soils with a 
single peak curve were consistent with the results discussed above. Lee and Hsu 
(1973) considered that this was associated with the reduced soil strength at elevated 
temperatures. 
More recently Ctori (1988) examined the compaction characteristics of brick clay at 8, 
20 and 35°C. His findings were in full agreement with those previously discussed. 
He suggested that increases in temperature reduced the viscosity of the particle contacts 
and thus facilitated an increased density. Unfortunately, no details of the clay material 
(or mineralogy) were given, making assessment of the nature of the particle contacts 
impossible. 
Clearly from the work reviewed it can be seen that temperature significantly affects the 
compaction characteristics of soils. It can be concluded that for an increase in 
temperature, a reduction in the optimum moisture content and an increase in the 
maximum dry density occurs. This effect was not noticed, however, with 
predominately sandy soils. It is likely that temperature alters a variety of micro- and 
macro-scopic forces, which could account for the variety of explanations offered. It is 
likely that as temperature is elevated, the rigidity of the soil's skeleton and the contact 
bond strength will reduce. This, coupled with a reduction in the viscosity of water, 
capillary forces and an increase in pore water pressure (see Section 3.8), will facilitate 
an increase in density. Associated with this is a reduction in void ratio and hence the 
moisture content. The significance of these effects is likely to be controlled by the 
mineralogy. Unfortunately, this factor has often been ignored. 
3.4 Compressibility Characteristics 
As will be seen, there is much less agreement in the literature as to the effect of 
temperature on compressibility characteristics. A summary of information on the 
subject is given in Table 3.1. A brief review of the pertinent literature associated with 
the compressibility characteristics of clay soils is presented below. 
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3.4.1 Temperature and Void Ratio 
One of the earliest investigations into the effect of temperature on the void ratio 
of soil was conducted by Gray (1936,1938). In this study he placed two 
remoulded inorganic clays and an organic silt under two anisotropic load-unload 
cycles, each at a different temperature. He observed that for the organic silt an 
increase in temperature during the second load cycle caused a downward shift in 
the virgin compression line. The opposite effect was noticed if the temperature 
was reduced (see Figure 3.3). However, temperature did not appear to affect 
the behaviour of the inorganic clays for the temperature range employed. He 
concluded that this was a creep-related phenomenon, the primary phase being 
unaffected by temperature. Unfortunately, no details of the nature of the 
materials tested were offered, thus limiting any conclusions that can be drawn 
from this work. 
A reduction in void ratio with increased temperature under a constant load was 
also observed by Campanella (1965). He tested reconstituted normally 
consolidated (NC) illite in a triaxial cell between 10 and 51°C. Each specimen 
was consolidated in a triaxial cell isotropically to 200 kPa at the required test 
temperature from the same initial moisture contents. His results are shown in 
Figure 3.4. This clearly shows that increases in temperature from 25 to 510C 
results in a reduction in the void ratio exhibited by a shift in the compression 
curve downwards. This, he suggested, occurred as a result of reduced inter- 
particle bond strength. However, a decrease in void ratio was also observed for 
a reduction in temperature from 25 to 10°C, though no explanation was offered 
for this apparent anomaly. Furthermore, in later presentations the 100C line has 
been omitted, thus suggesting a straightforward trend (Campanella and Mitchell 
1968; Mitchell 1969,1976). 
A similar reduction in void ratio with increases in temperature has been 
observed by Noble (1968), when examining the behaviour of a reconstituted 
calcium montmorillonite and a clayey silt. He suggested that the reduction in 
void ratio at elevated temperatures was associated with a reduction in the energy 
barrier, hence inter-particle bond strength, thus allowing particles to flow over 
each other with greater ease. 
A similar trend was further noticed by Plum and Esrig (1969), when testing a 
normally consolidated illitic and Newfield clay from a slurry between 24 and 
500C. They first normalised their data to a void ratio corresponding to a 
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pressure of 11.7 kPa, to eliminate any variations in the specimen's initial state. 
Their results indicated that temperature increases only reduced the void ratio in 
the illitic clay, whereas no change was observed with 'inactive' Newfield clay. 
This could be related to its mineralogy and the relatively high silt faction 
associated with it. They further observed that this change of void ratio with 
temperature reduced as the overconsolidation ratio (O. C. R. ) increased. They 
found that for illite with an O. C. R. greater than 1.7, the void ratio was 
unaffected by changes in temperature. They suggested that these effects were 
related to the nature of the inter-particle contacts. Further, agreement was 
reached by Laguros (1969) who, as part of his general investigations into 
temperature effects, examined temperature related changes in the void ratio of 
anisotropically loaded soils. He noted that for kaolinitic and montmorillonitic 
soils the trend was the same as described above. However, erratic behaviour 
was observed with the illitic soils. Unfortunately, it seems that the samples 
were compacted at their OMC and MDD, both of which vary with temperature, 
as illustrated by Laguros (1969) himself (see Section 3.3) and hence the 
samples initial void ratio also varied. 
Habibagahi (1969,1973,1976 and 1977) carried out a similar set of tests to 
those described by Gray (1938). However, he gave a more complete material 
description, using an organic and inorganic illitic, chloritic Paulding at 25 and 
50°C. His results were in complete agreement with those of Gray (1938). The 
inorganic Paulding showed no affect with temperature, although significant 
changes resulted when the temperature of the organic Paulding was changed. 
However, it should be noted that the organic Paulding swelled when heated. 
Habibagahi (1969) considered that this was due to gas generation at elevated 
temperatures, and hence a correction for this phenomenon was required. If no 
correction had been applied, the downward shift in the compression line 
associated with the second load cycle would have been far less pronounced, 
although a shift would still have been observed. He concluded that inorganic 
clays were unaffected by temperature, while increases in temperature caused a 
significant change in the secondary behaviour of the organic Paulding due to 
increased rupture of organic bonds. Thus a reduction in the void ratio is 
observed at elevated temperatures. However, in both Gray's (1938) and 
Habibagahi's (1969) studies the changes in temperature were applied to 
inorganic soils that were in a heavily overconsolidated (HOC) state. Thus their 
results are completely consistent with those of Plum and Esrig (1969). 
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Burrous (1973) suggested that these effects could be explained in terms of 
changes in the resistance of adsorbed water at the contact points. This was also 
suggested by Virdi (1984), who isotropically tested reconstituted kaolinite and 
sand. He considered that an increase in temperature would reduce the inter- 
particle bond strength, which, coupled with the differential thermal expansion 
between mineral particles and water, would result in a reduction in the void 
ratio. 
Huret et al (1988) noticed that for an increase in temperature the void ratio 
reduced under a given normal pressure. However, they tested a notoriously 
problematic loess soil, which makes analysis of this behaviour much more 
complicated as a direct result of its intrinsic nature (Smalley 1992). More 
recently Ctori (1988), Eriksson (1989), and Tidfors and Sallfors (1989) made 
the same observations as those described above. Unfortunately Ctori (1988) 
based his conclusion on samples of a clay of an unknown material nature over 
the initial load increment of 0 to 50 kPa. Eriksson (1989) tested undisturbed, 
lightly overconsolidated sulphide rich soils. However, the exact material make- 
up is unclear. He did suggest, however, that an elevation of temperature would 
reduce the void ratio as a result of a combination of factors. These include 
reduction in water's viscosity and reduced inter-particle contact bond strength, 
coupled with differential thermal expansion of solid and water soil components. 
A similar conclusion was reached by Tidfors and Sallfors (1989). 
However, there is not full agreement over the effect of temperature on the void 
ratio of soils. Finn (1951) tested an organic, remoulded silty soil between 4 
and 270C in a consolidometer. He concluded that temperature had no 
significant effect on the void ratio. Regrettably, the exact nature of the soil 
material is unknown. Furthermore, the samples were hand compacted at the 
required test temperature, thus making analysis of the effect of temperature on 
void ratio impossible. This is highlighted by the erratic trend actually observed 
(see Figure 3.5). 
Buchanan (1964) also observed that the void ratio is independent of temperature 
when testing reconstituted sodium and calcium montmorillonite anisotropically. 
Kaul (1970) made a similar observation when testing reconstituted kaolinites 
and illites in both pure and sodium forms, although swelling, and thus void 
ratio increase, was observed when the montmorillonites were heated. 
Unfortunately, it is unclear what Kaul (1970) meant by the term 'pure', thus it 
is not clear what cations were dominant in these systems. Changes in the nature 
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of cations that associate with clays can have a considerable effect on their 
behaviour. This is therefore an important factor to be considered, particularly in 
the case of smectites (Chapter 2). Thus, this omission prevents any firm 
conclusions from this work. The calcium montmorillonitic samples tested by 
Noble (1968) showed a reduction in void ratio at elevated temperature. Laguros 
(1969) also observed that heating montmorillonitic soils reduced the void ratio, 
although his samples had material properties not typical of montmorillonitic 
clays, i. e. low C. E. C. and plasticity (Section 3.2). 
Clearly from the literature reviewed the effect of temperature on the void ratio of 
soils under a given stress increment depends on the mineralogy of both the clay 
and non-clay components, the O. C. R. and the percentage of organics. Thus 
this could explain some of the apparent conflict generated in the literature. It 
appears, though, that for normally consolidated remoulded organic and 
inorganic soils that elevation of temperature reduces the void ratio. However, 
when in the overconsolidated state, this may no longer be true for inorganic 
soils. Unfortunately the magnitude of these changes and the relationship with 
organic content is still not understood. This is not surprising considering that 
organics interact with mineral particles in a very complex way. 
Overall, it seems that for normally consolidated and remoulded inorganic 
kaolinitic and illitic clays an increase in temperature reduces the void ratio. This 
agrees with the observation made in Section 3.3, i. e. that an increase in 
temperature reduces the void ratio for a given compactive effort. Thus increases 
in temperature can be viewed as analogous to an increase in load. However, 
conflict arises when considering montmorillonites, which have shown a variety 
of void ratio changes with temperature. Changes in void ratio with temperature 
may or may not occur with inorganic silty clays, this very much depending 
upon the dominant clay mineral (Noble 1968; Plum and Esrig 1969). 
3.4.2 Compressibility Parameters 
Many researchers have considered the effect of temperature on the compression 
characteristics of soil as measured by the compression index (Cc), the 
coefficient of compressibility (av) and the coefficient of volume compressibility 
(mv). As described below, some of the literature on how temperature affects 
these characteristics is inconsistent. 
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Gray (1938), as part of his work discussed in the previous section, examined 
the compression characteristics of the three remoulded soils after the 
temperature had been changed for the second load cycles. He concluded that av 
was independent of temperature regardless of organic content. The same 
conclusion was reached by Finn (1951), who further suggested that my was 
also independent of temperature, therefore compression as a whole was. 
Similar observations were also made by Buchanan (1964), Campanella (1965), 
Kaul (1970), and Webster (1983) when testing reconstituted clays of different 
mineralogies. These results were obtained over a wide range of both isotropic 
and anisotropic pressures (see Table 3.1). 
However, conflicting results were presented by Simons (1965), Paaswell 
(1965,1967), Laguros (1969), Ctori (1988,1989) and Huret et al (1988). 
Simons (1965) carried out anisotropic compression tests on undisturbed 
samples of a sensitive silty marine clay at 6.5 and 210C. He observed that mv 
varied with temperature, the magnitude of this change depending on the depth 
the sample was obtained from and the pressure range used. Deeper samples at 
low pressures (100 to 500 kPa) showed increases in my at lower temperatures. 
However, at shallower depths or higher pressures (1000 to 2000 kPa) the 
opposite trend was observed. This is likely to be related to changes in the 
material's nature and stress history, this being witnessed by changes in the 
Liquid and Plastic Limits and the consolidated state with depth. 
Paaswell (1965,1967) carried out fixed ring consolidation tests on a silty 
inorganic Penn clay using both 1 and 24 hour load increments. He found that 
the slope of the strain versus logarithm of pressure plots increased at elevated 
temperatures. This affect was greatest in the 'looser' samples. Changes in the 
slope imply that Cc, av and mv also vary with temperature over the stress range 
used. This he attributed to changes in the soil's matrix at elevated temperatures. 
A variation in gradient with temperature, hence Cc, av and mv, was also 
reported by Laguros (1969). However the trend was erratic, particularly with 
the illitic clays. This could be due in part to their nature (see Section 3.3). 
Ctori (1988,1989) measured an increase in my at increased temperatures when 
anisotropically loading a brick clay. Unfortunately, this change was observed 
over the initial pressure increment of 0 to 50 kPa, and thus the observation is 
likely to be subject to initial sample variations. Huret et al (1988) also noted 
slight changes in Cc, these occurring for temperatures increased above 40°C. 
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However, as has already been mentioned (Section 3.4.1), this conclusion was 
based on tests conducted on loess. 
The work of Plum and Esrig (1969) was useful in elucidating some of the 
conflict that appears in the literature. Their results, illustrated in Figure 3.6, 
clearly show a transfer between Cc being temperature dependent to temperature 
independent. For anisotropic pressures between 12 and 207 kPa, the 
compressibility of both illite and Newfield clays increased with an elevation in 
temperature. However, above 207 kPa isothermal tests showed that elevated 
temperatures had no significant influence on the compression of the two clays. 
This they considered was related to the nature of inter-particle contacts 
(physico-chemical forces) and the effect that temperature has on them over a 
range of normal stresses. 
Further elucidation was provided by Habibagahi (1969,1973,1976,1977). 
From his studies (discussed in Section 3.4.1) he concluded that for 
reconstituted normally consolidated Paulding (at stresses greater than 300 kPa) 
av was independent of temperature. However, for undisturbed or 
overconsolidated organic clay av varied proportionally with temperature. This 
effect decreased as the O. C. R. reduced. This he attributed to thermal changes 
to the adsorbed water layer. 
The overconsolidation ratio or preconsolidation pressure (apparent) has also 
been shown to vary with temperature. Both Eriksson (1989), Tidfors and 
Sallfors (1989) observed that increased temperatures reduced the apparent 
preconsolidation pressure. However, Eriksson (1989), when testing sulphide 
rich undisturbed clays, noticed that for increases above 450C temperature had 
no effect on the apparent preconsolidation pressure. In comparison Tidfors and 
Sallfors (1989), however, suggested that a straightforward inverse relationship 
exists between the apparent preconsolidation pressure and temperature. Both 
did agree, though, that this was related to inter-particle contact nature. 
Examination of the pertinent literature shows that some conflict still exists over 
how temperature affects the compressibility characteristics. A summary of this 
is shown in Table 3.1, from which it can be seen that it is likely that at stresses 
above approximately 200 kPa, Cc, my and av are independent of temperature. 
Although this conclusion appears to be independent of mineralogy, this is as yet 
to be confirmed. At stresses below 200 kPa some variation with temperature 
has been observed for normally consolidated soils. This dependence of 
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compression on temperature may also occur with undisturbed samples. 
Therefore, further work is required, making sure that material nature and stress 
history are fully defined. 
It can be seen that these effects can be accounted for in a variety of ways, all of 
which are related to/depend upon the mineralogy of the clay sample. 
Unfortunately, only brief details are usually given about the material's nature, 
thus limiting any conclusion that can be drawn. This was particularly poor with 
the early work reviewed, and regrettably this is the case with some of the more 
recent work also. Furthermore, referring to clay as illite can also be misleading, 
considering that no pure illite clay exists (Chapter 2). As was discussed in 
Chapter 2, the nature of the contacts, hence the stress strain responses, are 
controlled by the clay's mineralogy. Thus careful material analysis is essential. 
In addition it should be noted that the effects described in Section 3.4.1 and 
3.4.2 are small and thus care has to be taken when preparing specimens. The 
different initial preparation techniques reported by various researchers can 
account for some of the conflict that occurs in the literature (Finn 1951; 
Laguros 1969). Thus to avoid problems resulting from initial specimen 
variations, normalisation to a void ratio at a low stress should be performed. In 
this way examination of compression and void ratio changes at low stress with 
changes in temperature can be achieved, thus enabling further elucidation of 
possible effects to be made with reference specifically to material nature (e. g. 
mineralogy). 
3.5 CONSOLIDATION AND PERMEABILITY 
Considering the importance of thermal effects on the permeability of clays surrounding 
radioactive waste chambers and landfill sites, surprisingly little work appears to have 
been carried out in this field. A brief review is presented below of the pertinent 
literature on this subject, which dates from 1915. A summary is given in Table 3.2. 
One of the earliest pieces of work was carried out by Bouyoucos (1915). He examined 
water movements associated with temperature gradients in five Miami soils ranging 
from clay to sand. He found that water moved from the warm to the cold part of the 
soil, which was initially at the same uniform moisture content. When examining 
permeability he observed that elevation of temperature from 0 to 500C caused an 
increase in flow of water. However, in clays having a temperature above 400C a 
reduction in flow was found to occur. This, he suggested, was a result of swelling. 
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He postulated that viscosity reductions at elevated temperatures were the dominant 
force. Unfortunately, no material data were recorded. 
Gray (1938) noted that, for all three clay soils tested (see Section 3.4.1), temperature 
increased the rate of primary consolidation. This he likewise attributed to changes in 
the viscosity of water at elevated temperatures. A similar conclusion was reached by 
Lewis (1950), who further proposed that the coefficient of consolidation cv was 
inversely proportional to the kinematic viscosity of water. This conclusion was based 
on observations made on London Clay at between 15 and 45°C. Regrettably, he did 
not indicate the samples' initial stress state, making interpretation of these results 
difficult. 
The same conclusion was also reached by Finn (1951), who observed that for a 
remoulded organic silty clay cv and the coefficient of permeability k both rose with an 
increase in temperature. He too assumed that this was due to changes in the water's 
viscosity with temperature. His results also showed that increases in pressure resulted 
in an increase in cv. However, for an elevation of temperature between 21 and 270C 
the changes in cv were negligible, particularly at low pressures. He further made 
correction for changes in viscosity, based on the assumption that mv, av and void ratio 
were independent of temperature. As has already been reported this assumption may 
not always be valid (Section 3.4). 
Similar proportional changes in cv and k with temperature were also observed by 
Simons (1965) when testing undisturbed samples of silty marine clay (Section 3.4.2). 
He concurred with the findings of Lewis (1950) and Finn (1951), and proposed a 
correlation between temperature's effect on cv, k and water viscosity. Proportional 
changes in cv and k with temperature were also observed by Paaswell (1965,1967), 
Jumikis (1967), Noble (1988), Habibagahi (1969,1977), Pusch and Carlsson (1985), 
and Huret et al (1988). 
Paaswell (1967) further considered that temperature-induced changes in cv and k could 
not be predicted from changes in water's viscosity. This is because temperature 
influences many other factors that affect these parameters. Noble (1968) suggested that 
these effects were also related to changes in the bond strength of inter-particle contacts. 
The strength of these bonds would reduce at elevated temperature due to enhanced 
thermal energies and facilitate the flow of units over each other. This theory was also 
propounded by Huret et al (1988), although their conclusions were based on the 
intrinsically problematic loess soil. 
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Habibagahi (1969,1977) further noted that the effect of temperature reduced as the 
pressure applied to the specimen increased. This also occurred as the overconsolidation 
ratio increased. A very similar effect was noticed by Pusch and Carlsson (1985) when 
testing sodium smectite. They noted that at low bulk densities, temperature had the 
greatest influence on k. 
Not all authors, however, agree with these observations. Subba et al (1953) recorded 
decreases in k as temperature was increased from 35 to 600C when testing a remoulded 
alluvial soil. This they attributed to a shrinkage of the soil matrix at elevated 
temperature, which is consistent with results discussed in Section 3.4.1. However, 
between 60 and 6500C k increased as a result of temperature-induced particle 
expansions, which increases the pore size. 
Buchanan (1964) using both an oedometer and a modified falling head device noted that 
elevated temperatures only very slightly increased k for reconstituted sodium and 
calcium montmorillonite. He considered that the physico-chemical nature of the pore 
fluid was by far a more dominant influence on k, overshadowing any temperature 
effects. Unfortunately, no definite conclusions can be reached concerning 
temperature's effect due to the large scatter in the results, which may be associated with 
the type of test used. 
Laguros (1969) noticed the opposite trend to that discussed above. He observed that 
increased temperature reduced cv for both montmorillonitic and kaolinitic soils. Illitic 
soils, however, followed a more erratic trend, reaching a minimum at 210C. The 
largest percentage drop was achieved by the montmorillonitic soil. Unfortunately, as 
has already been mentioned (Section 3.4.1) sample preparation was carried out at the 
required test temperature and could in part explain these changes. Furthermore, the 
material used contained a complex mixture of clay and non-clay minerals, such as 
carbonates and quartz, which may well have a bearing on the results obtained. 
Very slight increases in k at elevated temperatures were also observed by Dokla et al 
(1982), when testing a variety of soil types between 28 and 45°C, although these 
effects were barely discernible. Unfortunately, no material details were given, making 
interpretation of these results difficult. 
Contrary to the previous work Webster (1983) and Ctori (1988,1989) recorded 
reductions in k at elevated temperatures. Webster (1983) noted, though, that c, 
increased at higher temperatures, and considered that the permeability results were 
based on unreliable data, due to problems with the measuring equipment. Ctori (1989) 
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suggested that c also reduced at elevated temperatures, although these results were 
obtained from the first load increment only and thus are subject to initial sample 
variations. 
Houston and Lin (1987) observed the same trend with illite and smectite rich ocean 
sediments for both anisotropic and isotropic tests, as discussed above. They further 
made predictions of the effect of temperature on k using the Kozeny - Carman equation. 
From this they considered that k was controlled by three factors: a permeability, 
viscosity and density factor. It was noted that viscosity was the dominant factor, 
although the significance of the other two increased as temperature rose. This they 
attributed to thermally generated porosity changes. However, for the specimens tested 
at 200 oC it is likely that the particle structure and clay fabric will change significantly, 
especially with the smectite clay. In the equation that Houston and Lin (1987) 
presented, such changes are represented solely by void ratio. However, Mitchell 
(1976) and others considered that void ratio was sometimes insensitive to fabric 
changes which could affect k. Furthermore, the validity of the Kozeny - Carman 
equation when applied to clays has been questioned (see Chapter 2). 
Upon examination of the literature it is clear that a certain amount of apparent 
disagreement occurs, as shown in Table 3.2. Most of the early work reviewed 
suggests that elevated temperatures result in an increase in cv and k, attributed to 
changes in water's viscosity with temperature. However, later work suggests that 
temperature affects cv and k in a far more complex way, which involves the nature of 
particle contacts. This is directly related to mineralogy, which is thus a key factor to 
consider (see Chapter 2). Unfortunately, most of the work, particularly the earlier 
work, reviewed tends to neglect this factor. 
Where mineralogy has been considered, much disagreement occurs. This is most 
obvious with the montmorillonitic samples tested, where a variety of observations has 
been made. This could be due in part to poor mineralogical data, and thus more 
material analysis is required before any real conclusion can be drawn. 
The effect of stress history and current stress state is also important. Generally, at high 
pressure or low bulk densities the effect of temperature on k and cv is reduced. 
Clearly, then, the effect of temperature on k and c,, is complex depending upon 
viscosity, mineralogy, the nature of particle contacts and pore size, amongst other 
things. 
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3.6 SWELLING 
Although volume changes associated with temperature have already been discussed in 
Section 3.4.1, these were mainly examined under an increasing pressure increment. 
Furthermore, the majority of this work was conducted on illitic clay samples, which 
have a non-expanding lattice (Chapter 2). Thus no swelling generally occurs other than 
that mechanically induced. It is, therefore, likely that a relatively straightforward trend 
exists (Section 3.4.1). Of the work carried out using expansive clays, such as 
montmorillonites, the trend observed was somewhat erratic and no conclusion could be 
drawn. However, Kaul (1970) noticed an increase in void ratio for elevation of 
temperatures with montmorillonites, both in pure and sodium saturated forms (see 
Section 3.4.1). 
Swelling at elevated temperature was observed by Bouyoucos (1915) (Section 3.5). 
However, this only occurred with Miami clays at temperatures above 40°C. Later 
Yong et al (1962) examined temperature effects on swelling pressures of sodium 
montmorillonites for different salt concentration in a swell chamber at 1 and 23°C. The 
samples were first prepared from a slurry to produce a parallel particle orientation, thus 
enabling comparisons between experimental and theoretical results to be made. They 
found that, at a constant volume, for a reduction in temperature the swell pressure 
reduced. Using the Gouy-Chapman double layer theory, they computed theoretical 
values of swelling pressure. However, only partial agreement between the predictions 
and experimental data was achieved (see Chapter 2). 
Yong (1967) further examined the same clay at 25,35 and 45°C. He found that 
increases in temperature produced greater swell pressures. This he considered was due 
to expansion of the double layer with temperature. 
Later Yong et al (1969) examined both water retention properties and swelling 
behaviour of plaster of paris, kaolin and kaolin-glass bead mixes of varying clay 
percentages at 10,25 and 45°C. The use of plaster of paris enabled examination of 
capillary forces with temperature in isolation. From this investigation it was concluded 
that increased temperature reduced water retention for unsaturated samples, due to a 
reduction in surface tension forces. This effect was more significant at lower bulk 
densities. Swelling was measured for saturated specimens, having been first 
consolidated to 1000 kPa at the test temperature. Swelling was measured in terms of 
changes in the final moisture content resulting from moisture uptake, as the mechanical 
load was carefully removed in stages. They found that for increased temperature, the 
swell pressure increased at a given moisture content. However, these effects appear to 
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be relatively small and no account of the effect of temperature on the initial 
consolidation appears to have been made. Differences during this phase could account 
for the apparent variations in swell observed, the swelling behaviour occurring directly 
as a result of removal of the mechanical load. Furthermore, Yong et al (1969) noted 
that where capillary and swelling forces occur together, the effect of temperature is 
controlled by the percentage of clay (fraction) presented. For small percentages of clay 
where the clay tends to orient around the beads swelling is dominant. However, at 
high percentages of clay capillary forces are the controlling factor. 
Examination of swelling related to temperature for different clay minerals was made by 
Kaul (1970). Using kaolinites, illites and montmorillonites in both sodium and pure 
forms (see Section 3.4.1), he allowed swell back under controlled increments of load 
reduction to occur. He noted for both kaolinites and illites that no significant change 
occurred. However, a significant increase was observed with both forms of 
montmorillonite at elevated temperatures, this effect increasing as the pressure was 
reduced. 
The swell behaviour of montmorillonites was further examined by Sherif et al (1982). 
They blended Wyoming Bentonite (WB) with different percentages of Ottawa sand, 
and studied the free swell characteristics at 24,38 and 66°C. Their results indicated 
that the free swell percentage was directly related to WB content. Furthermore, at 
elevated temperatures free swell was increased, this being most significant with higher 
WB contents. This is further illustrated in Figure 3.7, which clearly shows that free 
swell is also directly related to the specimen's Liquid Limit. 
However, Blaser and Scherer (1969) noted that expansion occurred upon cooling silty 
sulphate soil. This they considered was a 'salt heave' phenomenon related to the 
recrystallisation of sulphates as temperature reduced. 
Clearly, the nature of the material is highly important and could account for some of the 
apparent contradictions that occur throughout the literature, a summary of which is 
given in Table 3.3. This clearly shows that for sodium montmorillonitic soils increases 
in temperature result in swelling. Quantitative prediction using double layer theory has 
met with problems, and thus can be considered not to be fully valid (see Chapter 2). 
Furthermore, qualitative discussion appears to be controversial, a point which is 
discussed further later in this chapter. 
Increases in volume associated with increases in temperature were not observed for 
montmorillonites when the samples were loaded anisotropically (Section 3.4.1). It may 
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be that the loading action overshadows the swelling that would have otherwise 
occurred. This is because the swell pressures associated with elevation of temperatures 
are relatively small compared with the loads applied, and hence could explain the erratic 
trend generally observed. This can be further clarified, if the nature of cations are 
considered. For montmorillonites in sodium form increases in temperature cause 
swelling, whereas in a calcium form this is much less likely to occur. Thus either a 
reduction in void ratio or no change is observed (see Section 3.4.1). However, further 
work is required to confirm this. 
More generally, because the swell back characteristics of kaolinites are mechanically 
dominated (Chapter 2), temperature is unlikely to affect this behaviour. This was 
witnessed by Kaul (1970), and to a certain extent by Yong et al (1969). In 
comparison, smectites (e. g. montmorillonites) are dominated by physico-chemical 
forces, particularly at low pressures, and thus temperature changes can have a direct 
effect. This will vary depending upon the dominant cations within the system. 
3.7 SECONDARY CONSOLIDATION AND CREEP EFFECTS 
Secondary consolidation and creep properties have been investigated using a variety of 
test techniques at either elevated steady state or under transient temperatures. Further 
discussion of transient effects is made in the next section, whereas this section 
concentrates on the effect of temperature on the creep behaviour of soils. A summary 
of the literature reviewed is given in Table 3.4. 
Early investigations carried out by Gray (1938, see Section 3.4) under anisotropic 
stresses indicated that an increase in temperature increased the rate and magnitude of 
secondary consolidation. This was related to the organic quantity, i. e. the higher the 
organic content the greater the effect of temperature. A similar observation was made 
by Habibagahi (1969,1973,1976,1977). He further suggested that these effects were 
also related to the consolidated state of the clay. He noticed that only for 
overconsolidated organic Paulding did an increased temperature change the secondary 
behaviour, whereas both normally consolidated organic and inorganic Paulding showed 
no such changes. 
Little effect with temperature was similarly observed by Plum and Esrig (1969) when 
comparing an illitic clay's secondary behaviour at 25 and 500C (see Figure 3.8). This 
was further noticed by Virdi (1984) when testing a remoulded kaolin isotropically at 
different stress levels under both drained and undrained conditions. Earlier Campanella 
(1965) had observed a very slight increase in creep and creep rate for specimens 
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consolidated at their test temperatures, when testing remoulded illite and undisturbed 
Bay mud under undrained conditions. However, he concluded that these effects were 
very small, and thus when consolidated at test temperatures, temperature had no real 
effect on creep behaviour. He made a similar observation when testing these soils 
under drained conditions. 
Apparently contradictory observations were made by Murayama (1969), Kaul (1970), 
Huret et al (1988), Tidfors and Sallfors (1989), and Eriksson (1989). Kaul (1970, see 
Section 3.4) examined secondary consolidation behaviour of three different clay 
minerals. His results indicate that for kaolinites secondary effects do not change at 
elevated temperatures, agreeing with the work discussed above. However, illites and 
montmorillonites showed significant increases in the rate of secondary consolidation at 
increased temperatures, the most pronounced effects occurring with montmorillonites. 
Unfortunately, the fundamental material nature of these clays in the 'pure' form is 
unknown (see Section 3.4.1). However, these clays were also tested in a sodium 
form, which could account for the observations made, these being related to changes in 
the adsorbed water's properties or contact strength at elevated temperatures. Mitchell 
(1976) very briefly cited work which showed that bentonite (normally a sodium 
montmorillonite) exhibited enhanced creep at elevated temperatures. Therefore, the 
apparent contradictions in the literature may be resolved if account of material nature is 
made. Considering this, the apparent contradictory observations of Murayama (1969), 
Tidfors and Sallfors (1989), and Eriksson (1989) may well be accounted for. Their 
work was all conducted on undisturbed marine clays of varying mineralogies, organic 
contents, non-clay minerals and overconsolidation ratios. The work of Huret et al 
(1988) was conducted on loess, and thus care is needed when considering their 
findings. Even so this soil contained a variety of clay and non-clay minerals, which 
could affect the observations made. Eriksson (1989) further highlighted the importance 
of consolidation state, noting that the maximum creep occurred at the preconsolidation 
pressure. A similar observation had earlier been made by Lo (1961). 
The effect of transient temperature increases on the secondary behaviour of soil has also 
been investigated (Lo 1961; Campanella 1965; Paaswell 1968,1967; Plum and Esrig 
1960; Habibagahi 1969,1973,1976,1977; Virdi 1984; and Houston et al 1985). Lo 
(1961) observed that under anisotropic pressures, several clays exhibited significant 
changes in secondary behaviour for only a 30C rise in temperature. Campanella (1965) 
consolidated samples of reconstituted remoulded illite and undisturbed Bay mud and 
then applied an increase in temperature to 430C after a period of 100 minutes from the 
start of the creep test. He found that for rapid increases in temperature substantial 
increases in long term strains were observed. The strain rates, however, were less 
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significantly affected, only increasing slightly. However, these effects were more 
pronounced under undrained conditions. This he attributed to increases in pore 
pressures and reductions in effective stresses induced by these temperature changes, 
coupled with alterations to inter-particle bond strengths. He further observed that pore 
pressure increases were much greater as a result of transient changes in temperature 
when compared with specimens that have been consolidated at these temperatures. 
A very similar effect was noticed by Virdi (1984) when studying remoulded kaolin and 
coarse/fine Leighton Buzzard sand. He further showed that temperature changes had a 
similar effect on both soils. However, for the sand specimens at 75 and 85% stress 
levels, there was evidence that creep rupture was being promoted by increases in 
temperature. 
Similarly under anisotropic stresses, transient increases in temperature promoted 
increases in secondary effects (Paaswell 1965,1967; Plum and Esrig 1969; 
Habibagahi 1969,1973,1976, 1977). The work of Paaswell (1965,1967) is 
discussed in Section 3.8. Habibagahi (1969) indicated that changes in secondary 
effects were generally only noticed when temperature was rapidly changed, regardless 
of organic content. Plum and Esrig (1969) also showed that substantial changes in 
volumetric strains resulted when temperature was increased (see Figure 3.8). They 
further illustrated that applying a heat/cool cycle substantial reduced the rate of 
secondary consolidations, thus heating/cooling is in essence analogous to 
overconsolidating a soil. This effect was also observed by Houston et al (1985, see 
Section 3.8.3). They further showed that for an undisturbed (illite dominated) ocean 
sediment an increase in consolidation temperature between 4 and 2000C under high 
confining pressures, elevated temperatures reduced undrained creep strains and strain 
rates for a given applied deviation stress. However, at 100 and 2000C there was a 
tendency for creep rupture to occur as a result of increases in pore pressures associated 
with strain rate reductions. This was not apparent, though, at lower temperatures even 
when the samples were subjected to much higher stress levels. Reduced creep strain 
rates with elevation of consolidation temperatures for a given test temperature and 
consolidation pressure had earlier been observed by Noble (1968) and Noble and 
Demirel (1969). These observations derived from direct shear tests conducted on 
calcium montmorillonite and a clayey silt. Their results further indicated that for a 
given consolidation temperature and pressure, elevated test temperatures caused 
increased creep rates. Unfortunately, there was a large scatter in their results due to 
variations in both final moisture contents and the specimen's initial fabric, these having 
been assumed to be the same throughout. This is especially erroneous when 
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considering the behaviour of silt, where only small changes in moisture content can 
have a significant effect on the shear/deformation behaviour due to its low plasticity. 
To explain these results a variety of postulated causes have been offered. It is generally 
considered that increases in temperature will reduce the inter-particle bond strength, 
cause changes in the particle's contact nature, and might even cause some particle 
reorientation. These effects are clearly related to clay mineralogy, as was pointed out 
by Kaul (1970). Noble (1968) further highlighted this point by stating that "... in clays 
the properties are largely governed by the mineralogical composition". Creep has also 
been related to inter-particle bond strength via rate process theory and rheological 
models (Lo 1961; Campanella 1965; Noble 1968; Noble and Demirel 1969; 
Murayama 1960; Virdi 1984). Unfortunately, these models involve a number of 
possibly incorrect assumptions and are based on some over-complex analysis (see 
Chapter 2). Furthermore, a number of different governing equations have been 
proposed by various authors to model the same behaviour. Discussion based on 
changes to double layers with temperature have also been made (Plum and Esrig 1969; 
Kaul 1970; and Tidfors and Sallfors 1989), although this will be discussed later in this 
chapter. 
From the literature reviewed it can be seen that the effect of temperature on secondary 
consolidation or creep behaviour of soils is complex. Many factors have to be 
considered when interpreting the previous work. It appears though that at elevated 
temperatures the secondary consolidation behaviour of inorganic kaolinites and 
possibly illites remain unaltered. However, sodium illite and smectite under the same 
steady state conditions show increases in both rate and magnitude of creep. This, 
therefore, must be related to changes in their contact nature (and the relative significance 
of adsorbed water) caused by temperature. 
Transient increases in temperature significantly alter the creep behaviour of soil, the 
most pronounced effects being observed under undrained conditions. However, this 
may be confounded by thermally induced volumetric strains (see Section 3.8). 
Some disagreement appears to occur over the effect of elevated consolidation 
temperatures on the creep behaviour of soils. Noble (1968) and Houston et al (1985) 
suggest that this would result in a stiffer, denser sample, and thus creep rates and 
strains are reduced. However, Campanella (1965) thought that although a reduction in 
void ratio occurs, the reduced shear resistance at the contact points compensates for 
this, and thus overall creep is unaltered by temperature under these conditions. 
Therefore, the overall effect of temperature depends on which one of many changes 
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dominates. This must be related to the fundamental elements of soil, a point discussed 
further later in this chapter. 
3.8 TRANSIENT, CYCLING AND THERMAL LOADING EFFECTS 
3.8.1 Drained behaviour 
Campanella (1965) conducted one of the earliest examinations of temperature- 
induced volumetric strains in a triaxial cell. He isotropically tested two 
remoulded illitic clay specimens, which had first been consolidated at 180C to a 
pressure of 196 kPa, by applying two temperature cycles between 60 and 4°C, 
measuring the water expelled or drawn in after each change. His results, 
shown in Figure 3.9, indicated that for the first increase in temperature a large 
volume reduction occurs. However, subsequent cycles produced reversible 
changes. The cycling of temperature he considered was equivalent to 
overconsolidating the clay, and hence a thermal history exists. From this he 
proposed an equation to calculate volume expelled, based on the thermal 
expansion of a clay's phase constituents. He further introduced an expansion 
term relating to physico-chemical changes, which was later discussed by 
Campanella and Mitchell (1968) and Mitchell (1969,1976). 
A similar overconsolidating effect associated with thermal cycling was observed 
by Plum and Esrig (1969) in tests using anisotropically normally consolidated, 
remoulded illitic clay. They further suggested that subsequent reloading after 
the application of a temperature cycle produced a 'quasi-preconsolidation' 
pressure. Thus temperature cycling during sampling could lead to incorrect 
determination of preconsolidation pressures. 
Later Demars and Charles (1982) observed permanent deformations when a 
temperature cycle was applied to six undisturbed North Atlantic clays. They 
further noted that the magnitude of this permanent volume change was 
independent of confining pressure, although it was directly related to the 
plasticity index for normally consolidated clays. However, as the O. C. R. 
increased so the permanent deformation reduced, eventually ceasing to occur. 
These findings were corroborated by Virdi (1984), Huret et al (1988), Baldi et 
al (1988), and Hueckel and Baldi (1990). Virdi (1984) also showed that 
thermal cycling applied to sands caused an elongation of the sample and 
anisotropic type behaviour, in which the second cycle produced a dilation effect 
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when temperature was increased. Huret et al (1988) related observed changes 
to a similar equation to that proposed by Campanella (1965). The work of 
Baldi et al (1988) and Hueckel and Baldi (1990) was useful in elucidating these 
effects. They showed that mechanically overconsolidated soils, both 
undisturbed and remoulded of varying mineralogies, showed almost wholly 
thermo-elastic behaviour with only slight hysteresis. In contrast normally 
consolidated soils were thermally inelastic, producing large plastic deformation 
with the first temperature cycle. Dilatancy was also observed to occur at above 
certain O. C. R., and this varied with the magnitude of temperature increase 
(dilatancy reduced as magnitude of temperature elevation increased), clay type 
and hence mineralogy. A similar observation was made by Plum and Esrig 
(1969) (see Section 3.4.1). Hueckel and Baldi (1990) further pointed out that 
the effect of temperature on overconsolidated soils was considerably less than 
that on normally consolidated soil. This could explain why no changes in 
volume were observed with overconsolidated clays tested anisotropically (see 
Section 3.4.1). Furthermore, these observations were based on relatively low 
increase in temperature when compared with the observations discussed above. 
They further agreed with the apparent shift in preconsolidation pressure noticed 
by Plum and Esrig (1969). 
Baldi et al (1988) also produced an equation to calculate volume change due to 
temperature. This formula differs from that of Campanella (1965) and Mitchell 
(1969,1976) in that the thermal expansion coefficient of water was calculated, 
assuming that at low moisture contents most of the water is adsorbed (see 
Chapter 2). 
3.8.2 Undrained Behaviour 
Campanella (1965), using the same two specimens used in the drained tests (see 
Section 3.8.1), cycled temperature under undrained conditions. His results, 
illustrated in Figure 3.10(a), clearly show that pore water pressure varies 
directly with temperature. After the initial increase in temperature, subsequent 
cycles form a closed hysteresis loop, this being related to physico-chemical 
effects. He previously had observed the same effect when testing kaolinitic clay 
samples (see Figure 3.10(b)). However, when testing undisturbed bay mud, 
which had not previously experienced the same temperature cycle, a residual 
build-up of pore water pressure was produced. He suggested that a closed loop 
would have formed if more cycles had been applied, although this was not 
confirmed. 
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He considered that increases in pore water pressures with temperature were due 
to differential thermal expansion of water and solid particles, which he related to 
the compressibility of the soil. Thus, it must be related to the clay's 
mineralogy. From this he proposed a formula relating changes in pore water 
pressures to thermally-induced changes to the soil constituent parts. However, 
he appreciated that certain limitations existed with this formula, including 
difficulties in calculating certain parameters accurately. Moreover, this equation 
had no upper bound, which in reality would occur as pore water pressures 
approached applied stresses. This was also noted by Hight (1983) and 
Houston et al (1985). He also proposed a pore water pressure parameter, F, 
which relates temperature-induced changes in pore water pressures with 
effective stress. Mitchell (1976) noted that F was related to mineralogy, with 
kaolinites having higher F values than illites. It should also be noted that at 
stresses less than 200 kPa, compressibility may vary with temperature and thus 
will affect thermally-induced pore water pressure changes (see Section 3.4.2). 
Further elucidation of this phenomenon was provided by Plum and Esrig 
(1969). Using normally consolidated remoulded Newfield clay they noticed 
that four temperature cycles were required before a closed loop formed (Figure 
3.11 a). They considered that this behaviour was similar to cycling mechanical 
load (Figure 3.1 lb), although five cycles were required to produce a closed 
loop. This difference was attributed to non-uniformity of temperature cycles. 
These effects were further observed by Virdi (1984). 
Further equations relating changes in pore water pressure to temperature- 
induced alterations in soil phase elements were derived by Burrous (1973), 
Hight (1983) and Vaziri and Byrne (1990). All were very similar to the one 
proposed by Campanella (1965), with the exception that Vaziri and Byrne 
(1990) proposed terms for non-saturated soils and a shear-induced dilation 
factor. Houston et al (1985) and Houston and Lin (1987) also observed 
thermally-induced pore water pressures. 
3.8.3 Thermal Load Phenomenon 
As has already been suggested by several authors, an increase in temperature is 
analogous to an increase in mechanical load. Further elucidation was provided 
by Paaswell (1965,1967,1969), Houston et al (1985), and Houston and Lin 
(1967). 
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Paaswell (1965,1967) investigated the effect of varying thermal load on the 
consolidation behaviour of a silty clay. He found that as the rate of temperature 
elevation was increased, so the effect of temperature changed from a secondary 
type to a much more primary type of response. This effect was most 
pronounced for a 550C increased in 15 minutes. He further observed that this 
was a permeability-dependent self-limiting process, and later observed similar 
responses under sinusoidal pulsing of temperatures. 
Houston et al (1985) and Houston and Lin (1987) showed a thermal load effect 
when testing an illitic and smectitic clay in a triaxial cell. Samples were first 
mechanically consolidated, then with the drainage valves closed the temperature 
was increased. Upon opening the valves drainage occurred and the volume 
reduced. This they considered was analogous to a mechanical load. The 
dissipation of pore water pressure they termed "thermal primary consolidation" 
and was considered to be related to permeability. Once complete, "thermal 
secondary compression" occurs, this being related to fabric rearrangements and 
physico-chemical effects. However, they noted that primary and secondary 
effects are difficult to distinguish because they occur concurrently. This is 
particularly important in field conditions, because where pore pressure build-up 
is slow secondary effects dominate. 
Overall it appears that an increase in temperature is analogous to an increase in 
mechanical load. Thus some creep related observations made under transient 
temperature changes may be as a result of thermal load effects, therefore 
confounding these findings (see Section 3.7). It seems that temperature affects 
both macro- and micro-scopic behaviour in a variety of ways. Temperature 
increases elevate pore water pressures under undrained conditions and reduce 
void ratios when drained conditions are prevalent. These effects are also related 
to stress history (i. e. consolidation state) and mineralogy. 
3.9 SHEAR STRENGTH 
As has been seen in the previous section, for a given consolidation pressure, increases 
in temperature increase pore water pressures and hence reduce effective stresses. This 
observation therefore predicts that a reduction in strength will occur at elevated 
temperatures. This was also inferred by Hogentogler and Willis (1936), who found 
that the stability of a compacted soil decreased with elevated temperatures, and is 
further highlighted by the increased compaction densities that can be achieved at 
elevated temperatures (Section 3.3), hence an increased shear strength would result. 
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However, the Atterberg Limit results, which themselves are an indirect measure of 
strength, showed a more erratic trend (see Section 3.2). Sherif and Burrous (1969) 
cited work which showed that increased temperature may variously increase, reduce or 
not affect the strength of soil. However, as will be seen below, these apparent 
contradictions can in part by explained by the thermal history of the sample tested and 
the method employed. A summary of the literature is discussed briefly below and is 
further summarised in Table 3.6. 
Mitchell (1964) conducted undrained triaxial tests on remoulded Bay Mud. He 
observed that at elevated temperatures the deviator stress reduced for a given strain. 
This occurs because of the increase in pore water pressure associated with elevated 
temperatures. However, he noted that temperature's influence on shear strength was 
complicated, because not all quantities are constant at elevated temperatures. A similar 
result was observed by Sherif and Burrous (1969) when testing a remoulded kaolinite 
in an unconfined compression test (Figure 3.12). They further showed that strength 
was inversely related to moisture content and thus suggested that temperature increases 
were analogous to increases in moisture content. From this they related empirically 
shear strength to moisture content and temperature, although they did not indicate the 
physical basic for this equation. Later Burrous (1973) concluded that, at equal 
moisture contents, increased temperature reduces shear strength independent of whether 
specimens were consolidated or unconsolidated. Further agreement was reached by 
Webster (1983) and Vaziri and Byrne (1990) when testing various soils undrained. 
These effects were attributed to increased pore water pressures and reduced effective 
stresses at raised temperature. 
Naik (1986) conducted consolidated undrained tests on Bentonite-sand mixtures which 
contained pore fluids of varying pHs. He showed that at a given fluid pH, temperature 
showed the same effect on strength as discussed above. However, changes in pH had 
a similar effect and was related to alteration to double layers. However, the pHs used 
were relatively extreme (i. e. low or high (see Table 3.6)) and thus could directly affect 
the clay mineral itself. Later Hueckel and Baldi (1990) carried out drained triaxial tests 
at elevated temperatures, observing the same effect as discussed above. Moreover, 
they showed that the temperature sensitivity of the critical state was a function of 
mineralogy and sample state. 
Apparently contradictory evidence has been supplied by several authors. Lambe (1960) 
considered that a strength gain would occur at elevated temperatures. This he related to 
changes in the double layer, which facilitate a flocculated structure. Laguros (1969) 
showed that for different clay minerals the strength increased at elevated temperatures. 
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Only the illitic clay showed an erratic trend. Unfortunately, these materials contained 
many non-clay minerals, thus complicating interpretation of the data. Furthermore, 
tests were conducted at 20C, which is approximately within experimental error of the 
freezing point of water. 
Elucidation of this apparent conflict was first provided by Noble (1968) and Noble and 
Demirel (1969). They conducted direct shear tests on a calcium montmorillonite and a 
clayey silt to show the effects of both consolidation and test temperature variations. All 
specimens were tested at temperatures equal to or less than the consolidation 
temperature. Their results clearly show (Figure 3.13) that at a given test temperature, 
increased consolidation temperature increases strength. However, for a given 
consolidation temperature, increased test temperatures (below the consolidation 
temperature) reduce shear strength. Unfortunately, there was a large scatter in their 
data, which resulted from moisture content variation, the data having been regressed 
assuming a constant moisture content (see Figure 3.13 and Section 3.8). Furthermore, 
the rate of shearing employed was relatively quick for a montmorillonite clay, 
suggesting that these tests were only partially drained, or possibly undrained. 
The same temperature dependent effects were also observed by Righter (1969) and 
Righter et al (1970). Unfortunately, one set of tests were conducted at 20C which 
could be problematic (as discussed above), although a consistent trend was observed. 
These observations were confirmed by Burrous (1973), who tested specimens of 
kaolin that had first been consolidated at a pressure between 176 to 520 kPa. 
Thereafter, consolidated and unconsolidated undrained tests were conducted at elevated 
temperatures. He showed that a thermal load reduced moisture content under 
consolidated conditions, and increased pore pressures when unconsolidated. 
Furthermore, as is clearly shown in Figure 3.14, both peak and residual strengths were 
unaffected by temperature under consolidated conditions. However, when the 
unconsolidated samples were tested increased temperature reduced strength, this 
resulting from associated elevation of pore water pressures. He came to the same 
conclusion as did Mitchell (1964), i. e. no simple effect of temperature on shear exists. 
This was further noted by Houston et al (1985), Houston and Lin (1987), and Ctori 
(1988,1989). Houston et al (1985) first thermally consolidated samples at elevated 
temperatures under high confining stresses. They observed that at 2000C a pronounced 
overconsolidated type of behaviour was observed for both clays tested (see Table 3.6). 
This was then quickly followed by post-peak strain softening as shearing continued. 
However, if the sample had undergone a further thermal unloading to 100°C previous 
to shearing, no strain softening was observed. The elevation of shear at higher 
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temperatures they considered was due to thermal consolidation effects. Thus the results 
of Laguros (1969) are in full agreement when the temperature under which compaction 
initially occurred is considered. He compacted samples at the required test temperature, 
thus increases in strength should and did occur. 
Virdi (1984) later investigated the effect of temperature cycling during undrained shear 
tests. He observed that for both kaolin and sand specimens, after the first increase in 
temperature had been applied, subsequent cycles changed the deviator stress, increases 
in temperature reducing shear strength even while the specimen was being continuously 
sheared. Reduced temperatures showed the opposite trend. 
Other forms of shear testing have been employed to investigate these effects. Trask and 
Close (1957) used a miniature vane to test a Georgia China Clay. They found that 
strength varied inversely with water content and slightly with temperature. Hight 
(1983) investigated the rate of shear and its effects on the vane shear strength of a lower 
Cromer Till at 22 and 7°C. He found that for reconstituted samples the vane shear 
strength reduced with increased temperature, independent of rate. However, for 
remoulded specimens temperature exhibited the opposite effect at low rates. It should 
be noted that at lower rates the test is partially drained, unlike the very fast rates which 
are likely to be undrained. This could in part explain this apparent anomaly, although 
variations in sample state may also have an effect. Ctori (1988,1989) observed a 
reduction in vane shear strength at elevated temperatures. However, Muyambo (1990) 
noted that no significant trend occurred with temperature over a range of moisture 
contents. 
Unfortunately, only a limited amount of data have been presented concerning the effect 
of temperature on the friction angle (0) and cohesion intercept (c'). Burrous (1973) 
cited work which showed that these were unaffected by temperature. He also showed 
that both peak and residual 0' and c' values were independent of temperature and 
consolidated state. Unfortunately, his residual data were based on triaxial tests at 20% 
strain. This is likely to be of insufficient displacement to confirm the residual state. 
Anayi (1990) cited Bucher (1975), who showed that the residual friction angles of two 
clays of medium plasticity were unaffected by temperature. However, Houston et al 
(1985) indicated that 0' and c' were significantly increased by elevation of temperature. 
From this they proposed an empirical equation relating 0' to temperature. It should be 
noted that these effects were observed under high confining pressures and high 
temperatures (up to 200°C). Although, as noted by the authors, no mineralogical 
changes will occur within the time span of these tests, it could be that the nature of the 
material cementation and inter-particle interaction is changed under these conditions. 
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Overall it would seem that for a given consolidation pressure increase in temperature 
reduced the strength measured. However, increases in consolidation temperature for a 
given test temperature exhibit enhanced strengths. This could explain some of the 
apparent contradictions in the literature. However, effective friction angles and 
cohesion intercepts are unaffected by temperature, except when tested under extreme 
conditions. 
3.10 ELASTICITY 
Unfortunately, little specific data have been provided on elasticity characteristics in 
conjunction with temperature. Murayama (1969) tested undisturbed samples of a 
highly plastic Osaka alluvial clay. Using a rheological model he found that as 
temperature was increased so the elastic moduli decreased. However, this depends on 
the validity of the rheological models (see Chapter 2). However, he did observe from 
stress-strain plots at elevated temperatures that the slope decreased with temperature, 
this being independent of the validity of rheological models. Highter (1969) testing 
kaolin-sand mixtures measured tangent and secant moduli. He made similar 
observations to those of Murayama (1969). 
3.11 THEORETICAL CONSIDERATIONS OF THERMAL 
RESPONSES 
Many explanations have been offered of how temperature affects a soil's properties and 
characteristics. Some authors have considered that the observed changes could be 
explained in terms of changes in the water's viscosity with temperature. This allows 
particles to slide over one another with greater ease. Furthermore, water can be drained 
out with greater ease. However, Paaswell (1965,1967) noted that even permeability 
changes with temperature were more complex and therefore other factors must exist. 
The work of Finn (1951) and Youssef et al (1961) illustrated this point by the limited 
success that their viscosity-based corrections enjoyed. 
Bouyoucos (1915) and Hogentogler and Willis (1936) considered that these changes 
were related to alterations in the adsorbed water layers with temperature. Since then 
many authors have explained temperature effects in terms of double layer changes. 
However, much controversy still exists over the exact effect of temperature. Early 
suggestions presented by Lambe (1960) considered that elevated temperatures reduce 
the double layer and hence flocculation is promoted. Tidfors and Sallfors (1989) also 
considered that a reduction in the double layer would occur, but that this would reduce 
84 
strength. Other authors have considered that heating causes expansion of the double 
layer (Yong 1962,1967,1969; Plum and Esrig 1969; Kaul 1970; and Naik 1986). 
However, this observation was based on the Gouy-Chapman double layer theory. 
Unfortunately this includes several oversimplifying assumptions (Chapter 2), which 
include the assumption that temperature is an independent variable and thus does not 
affect any other parameters. However, this is not the case and thus could account for 
some of the apparent contradictory statements that occur in the literature. Mitchell 
(1969,1976) suggested that no overall change occurs with temperature, an observation 
later supported by Sridharan and Jayadeva (1982). However Baldi et al (1988) 
presented work which suggests that the double layer may reduce at elevated 
temperature, eventually causing a breakdown of the adsorbed water. 
Mitchell (1969,1976) considered that increases in temperature increased the thermal 
energy of atoms and particles, thus weakening contact bonds and thereby facilitating a 
reduction in strength. This idea was the basis of rate process ideas advanced by 
Campanella (1965), Noble (1968), and Mitchell (1976), although this too may be 
invalid (Chapter 2). A similar reduced contact rigidity was considered by Noble 
(1968), Sherif and Burrous (1969), Burrous (1973), Bennett and Hulbert (1986) and 
others. 
Flocculation has also been observed at elevated temperature. Martin (1960) suggested 
that this results in geometric rearrangement. Lambe (1960) considered temperature 
promoted flocculation, as did Marshall (1964) and Brandt (1992). Marshall (1964) 
further noted that for temperature increases the setting time required for smectites 
reduced. However, Hsi and Clifton (1960) observed no change with temperature for 
kaolinitic clays. Baldi et al (1988) and Hueckel and Baldi (1990) suggest that changes 
in the microstructure of smectites will occur upon heating, thus causing a denser stack 
arrangement. 
However, all these effects must be related to the clay's mineralogy. This was 
highlighted by Noble (1968) and in Chapter 2 of this thesis, but is often only a 
secondary consideration or is completely ignored. Furthermore, when it is referred to 
authors have used, for example, the term illite, which suggests that a relatively pure 
form of illite exists. Such descriptions may be incorrect and thus misleading. 
Overall, temperature interacts with soil and, especially clay, in several complex ways, 
some of which may counteract each other. Macroscopically pore pressure and effective 
stresses are affected, while microscopically physico-chemical changes at the contact 
points occur, all of which are controlled by the mineralogy of the soil. The effect of 
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temperature is also influenced by the sample's pore fluid and consolidated state, and 
thus it is important to note these. Furthermore, soil exhibits a temperature history, thus 
this too must be noted. 
3.12 CONCLUSION 
From the literature reviewed, the following conclusions can be drawn: 
1. Elevations in temperature appears to reduce the Liquid Limit of most clay 
soils, this effect being controlled by mineralogy, e. g. smectites appears to be more 
sensitive to elevations of temperature than kaolinites. However, smectites may exhibit 
increased Liquid Limits under these conditions. No clear trend for the Plastic Limit 
was observed. However, only a limited amount of data for the variation of Liquid and 
Plastic Limits with temperature was available. 
2. An increased temperature increases the maximum dry density and reduces the 
optimum moisture content for a given compactive effort. This too is related to 
mineralogy and particle nature, e. g. sand shows no effect due temperature. 
3. An increase in temperature reduces the apparent preconsolidation pressure. 
4. An increase in temperature reduces the void ratio, the magnitude of which is 
dependent on the mineralogy, overconsolidation ratio (O. C. R. ) and organic content. 
For normally consolidated inorganic kaolinites and illites, an increase in temperature 
reduces the void ratio. However, this effect reduces in significance with an increase in 
O. C. R. At a certain O. C. R. which appears to vary with clay type, no effect due to 
temperature was observed. With further increases in O. C. R. temperature rises may 
result in volume expansions, although these expansions tend to reduce as the magnitude 
of temperature elevation is increased. 
With organic soils temperature changes the void ratio independently of the soil's 
overconsolidated state. For normally consolidated smectites a variety of changes in the 
void ratio have been observed with increased temperatures, from reductions to 
increases, depending on the dominant cation present. Monovalent smectites tended to 
exhibit volumetric expansions when temperatures are increased especially at lower 
pressures, whereas when in a divalent form contractions may be observed. 
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5. The compressibility characteristics of most normally consolidated clay soils 
(except possibly smectites) appear to be independent of temperature, except at pressures 
below 200 kPa, for undisturbed samples or organic soil at low O. C. R. 
6. An increase in temperature increases the rate of consolidation and 
permeability, this effect tending to reduce as applied pressure increases. This result is 
strongly influenced by the effect of temperature on the viscosity of water. Although, 
thermally induced changes to porosity may become significant depending on the 
sample's mineralogy and initial state, i. e. this may be more significant with smectites 
due to thermally induced changes to the clay's fabric. However, changes in the polarity 
of the pore fluid have a considerably more significant effect on the rate of consolidation 
and permeability than do temperature changes. 
7. An increase in temperature, at low applied pressures, increases the swelling 
of saturated sodium - dominated smectites. Swelling can also occur in natural soils 
upon cooling due to 'salt heave', i. e. due to the recrystallisation of soluble minerals. 
8. Elevated steady state temperature does not significantly affect the rate or 
magnitude of the secondary consolidation behaviour of inorganic kaolinites and non - 
monovalent illites. For monovalent illites and smectites elevated temperature increases 
secondary consolidation. However, as the organic content increases so the significance 
of elevated temperature on the secondary behaviour increases. 
9. Increases in temperatures greatly increase creep, this being most significant 
under undrained conditions. However, this may be a thermal load phenomenon. 
10. Heating / cooling cycles reduce the secondary consolidation of clays. This 
is analogous to preconsolidating the clay. 
11. Soils exhibit a thermal history. A normally consolidated clay when 
subjected to temperature cycles under drained conditions undergoes a permanent 
deformation after the first cycle. This reduces with increasing O. C. R. and reducing 
Plasticity Index (PI). Subsequent cycles produce reversible deformations when tested 
isotropically. Overconsolidated soils are thermoelastic while normally consolidated 
soils are thermoplastic. 
12. Rapid increases in temperature cause increases in pore pressure for 
undrained samples, due to an order of magnitude difference between the thermal 
coefficient of expansion of solid minerals to that of water. The magnitude of thermally 
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induced pore pressure changes is inversely related to the compressibility of a clay. 
Reasonable predictions of these changes can be made using the equations presented 
originally by Campanella (1965), which have later been modified by Mitchell (1976) 
and others. If drainage is then allowed, consolidation takes place. This process is 
referred to as 'thermal primary consolidation'. Once complete, 'thermal secondary 
compression' takes place. However, if increases in temperature are slower and free 
drainage is allowed throughout, the process is a thermal secondary consolidation one 
only. 
13. For 'thermally overconsolidated' soils tested under undrained conditions, 
changes in pore fluid pressures produced by temperature cycling are reversible. 
However, if the soil is thermally normally consolidated, a residual build up in pore 
pressure occurs. Further cycles eventually produce a closed loop and subsequent 
changes in pore pressures with temperature become reversible. 
14. Elevation of temperature may increase or decrease the shear strength of soil, 
depending upon the thermal history of the sample. For a given consolidation 
temperature and moisture content an increase in shear temperature (up to the 
consolidation temperature) reduces the shear strength of soil. However, for a given 
shear temperature an increase in consolidation temperature increases the shear strength 
of soil. In the case of vane shear strength various effects due to temperature have been 
observed. Residual shear strength appears to be independent of temperature, although, 
only a very limited amount of data is available. Friction angles and the cohesion 
intercept have been reported to be independent of temperature by two authors and to 
vary with temperature by another set of authors, although the latter observations were 
made on specimens tested under high confining pressure in the triaxial test (pressure up 
to 2.1 MPa with temperatures between 4 and 200 °C). However, to date very little 
work has been carried out in this regard. It is apparent, therefore, that no simple effect 
of temperature on the shear strength of soil exists. 
15. The elastic modulus reduces with increased temperature, although only a 
very limited amount of data is available. 
A variety of explanations of how temperature affects the geotechnical behaviour of soils 
has been offered. These include changes in the pore fluid viscosity, possible alterations 
to the double layer and changes in the interparticle bonding. It is clear, therefore that no 
one factor controls the thermal response of soils. Temperature affects both 
macroscopic and microscopic properties simultaneously, only the significance of each 
appears to differ between clays. These in turn are controlled by mineralogy in a variety 
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of ways. Unfortunately, compositional data, such as mineralogy, have been often 
either ignored or only given secondary consideration in the literature. This lack of 
compositional data makes conclusions about temperature only specific to the soil tested. 
As a result these conclusions maybe inapplicable to other situations (i. e. may not 
represent the general case) and hence may be premature. This point is illustrated by the 
suggestion from the literature that the thermal response of kaolinites may differ from 
that of smectites. However, almost nothing has been done to compare the two 
materials directly and thus the statement remains hypothetical. 
3.13 PROPOSALS FOR INVESTIGATION 
What is required to advance the work is a test programme that compares both artificial 
(pure) clays with natural deposits of significantly different compositions. In addition 
compositions of each material must be defined much more fully than in the previous 
work. This needs to include mineralogy, cation exchange capacity, ions presents, 
organic, sulphate and carbonate contents, pH and S. E. M. pictures to assess 
morphology. 
To assess compositional effects single mineral clays will be used, from which 
elucidation of which thermal response is dominant in each case will be made. Two 
clays that have been shown to demonstrate extremes of physico-chemical activity (see 
Chapter 2, section 2.6) are a well crystalline kaolinite and a monovalent smectite. It is 
therefore, anticipated that the same extremes in terms of thermal behaviour will be 
observed. Thus artificially prepared, pure samples of these clays will give controlled 
examples of this extreme behaviour testing the hypothesis mooted above (see Section 
3.12). This will pull together existing work and, it is hoped, explain the contradictions 
observed in the literature. No previous work has made such a direct comparison, due 
presumably in part to the lack of awareness amongst the previous researchers of the 
physico-chemical aspects of soil behaviour. Results from tests on these pure clays can 
then be compared to natural deposits. 
Keuper Marl (weathered Mercia Mudstone), a local deposit, will be used as one of the 
natural deposits. Keuper Marl is particularly pertinent to this study because this 
material is commonly used as a liner material in landfill sites, a situation were 
temperature changes will occur. In addition, no previous work has been conducted on 
this material with respect to temperature. 
A wider range of temperature than that typically used by previous researchers is also 
required, ideally between 100 and 5 OC (this representing the upper and lower bound of 
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consistent fluid water properties with temperature). The vast majority of published 
work employed only a relatively small range, typically up to 40 °C. It is felt by the 
author that this is too small when the relative changes in behaviour due temperature and 
apparatus sensitivity to such changes are considered. Thus, a wider range will be used, 
varying from 10 °C to a maximum of 80 OC depending on the practicalities associated 
with testing at these temperatures. 
It is anticipated that from such work advancements will be made in the assessment of 
the sensitivity of clays to temperature and the dominant influence on their response. 
This in turn can be empirically related to PI or size to give a good qualitative and semi - 
quantitative guide to likely temperature effect for any particular site situation. 
Triaxial tests will not be carried out in this study because of the logistical difficulties in 
adequately updating, improving and calibrating existing equipment. Instead less 
sophisticated tests will be employed, enabling a large number of clays over a greater 
temperature range to be tested. This will allow a rapid assessment of a large amount of 
data to be made. 
It was clear from the literature that work is needed with respect to the Atterberg Limits. 
Presently the literature is confused on the subject, and it is hoped that such a study as 
this will clarify the matter. Furthermore, the Liquid Limit (LL) has been mooted as a an 
assessment tool for temperature effects, but as yet this has not been carried out in 
practice. By producing evidence of the relationship between temperature and LL, it is 
hoped that it will be possible to assess the thermal sensitivity of soil directly. To 
achieve this a test method must be devised that will enable repeatable and reliable results 
to be obtained over a greater temperature range than has previously been used. 
The published work with respect to the vane shear is also confused, perhaps because 
little apparent work has been conducted. Vane shear testing is pertinent to this study 
because it is commonly used to assess strength in situ , and thus permit comparisons to 
be made across a site. Since temperature can vary due to direct and indirect sources 
across a site, knowledge of how it will affect vane shear strength measurements is 
required. Furthermore, vane shear tests will enable rapid assessment of a large number 
of specimens due to its rapidity, from which not only the effect of temperature on the 
strength of soil can be made, but also the influence of thermal history. The temperature 
of consolidation, both greater and less than the test temperature, needs to be examined, 
since this has not been previously investigated. It is hoped that the results will confirm 
the suggestions in the literature, with specific reference to material composition. 
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The same is true with regard to residual strength, where almost no work has been 
carried out. Of the work that has been done, none has used the ring shear. Residual 
shear strength is important in slope stability analysis and changes in the residual 
strength due to temperature will be highly significant if they occur. 
To further advance the understanding of thermal effects, direct comparisons between a 
well crystalline kaolinite and a monovalent smectite with respect to both rate and 
magnitude of volume change characteristics is needed, no such comparison having 
previously been made. Permeability needs to be examined in such a comparison to 
determine the relative importance of viscosity for these two materials. Further 
assessment of this behaviour using undisturbed and remoulded reconstituted clays is 
needed, an area highlighted in the literature as needing study (see Section 3.4). To 
control thermal history and ensure that all samples are thermally normally consolidated, 
a base temperature of 25 °C will be used. The data collected will be normalised to 
eliminate initial variations. From this the results of published work can be checked, 
reassessed and any contradictions explained. 
Overall this programme aims to draw together the literature, using the philosophy and 
framework discussed, and to develop a deeper understanding of the reasons behind 
observed behaviour. In particular it is anticipated that advancements will be made 
concerning the relative sensitivity of soils to temperature changes and which factor 
dominates a particular soil's thermal response. This will enable qualitative and semi - 
quantitative guidance to be produced and information to be gathered. From this a clear 
statement on how temperature affects different clays soils can be made, and the relative 
significance of physico-chemical and mechanical effects can be assessed. 
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Table 3.1 : Summary of Temperature effects on the compressibility 
characteristics of soils. 
AUTHOR SOIL L. L. P. L. PRESSURE TEMPERATURE 
YEAR (%) (%) EFFECTS 
TEST TEMP. 
Gray Remoulded: Load to 285 kPa A shift in the curve 
1936 & 1938 Boston Blue 41 21 & unload @ T1. occurs :- If Tl>T2, e 
@ 10 & 22 °C Clay. Reload to increases at a constant 
Silty Clay. n/k n/k 1960 kPa @ T2 pressure. If T1<T2, the 
Mexico City (anisotropically) opposite occurs, although 
Clay. n/k n/k noted for the silty organic 
clays only. 
Finn Remoulded: Load to 858 kPa mv, av and e are all 
1951 Organic Silty 62 37 (anisotropically) independent of 
Between 4& Clay temperature. 
27 °C 
Buchanan Reconstituted Load to 980 kPa as above (see Finn) 
1964 Sodium mont. 640 40 (anisotropically) Cc independent of 
Between 7& Calcium mont. 104 43 temperature. 
41 °C Sodium & NP 
Calcium mont. 
+ naphtha. 
Simons Undisturbed @ im Load from my varies with 
1965 Fornebu clay. 80 25 100 to 1960 kPa temperature, the effect 
@ 6.5 & 21 °C (silty marine @ 15m (anisotropically) varies with depth and 
clay) 50 25 pressure. 
Campanella Reconstituted Load from 196 Increases in the 
1965, illite clay 76 29 to 590 kPa, temperature reduce e, 
Campanella and (quartz) unload back to shifting the curve 
Mitchell 196 kPa downwards. 
1968, (isotropically) Compressibility is 
Mitchell independent of 
1969. temperature. 
Between 10 
&51°C 
Paaswell Remoulded : Load 10 to 460 The gradient of the strain 
1965 & 1967 Penn soil, 35 26 kPa vs log pressure curve 
Between 23 & inorganic silty (anisotropically) increases at elevated 
55'C clay temperatures. 
Noble Reconstituted : Load 20 to As above (see 
1968 Calcium mont. 89 30 1034 kPa Campanella 1965). 
@2& 60 °C Clayey silt. 34 24 anisotro icall 
Laguros Remoulded : Load to 785 kPa Illite soil's behaviour was 
1969 Kaolinite 54 25 then unload to erratic. For the other 
Between 2& Illite 32 17 25 kPa clays, increased 
41 Mont. 65 18 (anisotropically) temperature reduced e, 
Mont. /illite. 50 22 the difference reduces as 
pressure rises. 
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Table 3.1 continued 
Plum & Esrig Remoulded: Load 12 kPa to For pressures <207 kPa 
1969 Illite & 112 28 827 kPa increases in temperature 
@ 24 & 50 °C Newfield Clay. 25 14 (anisotropically) raise Cc, for pressures 
> 207 kPa Cc is 
independent of 
temperature. For illite an 
increase in temperature 
reduced e, this effect 
reduces with increasing 
O. C. R. 
Habibagahi Reconstituted : Load to Increasing temperature 
1969,1973, Organic 70 45 192 kPa, unload reduces e, i. e. shifts the 
1976,1977. Paulding (illite, to 3 kPa, then curve downwards. Cc 
@ 25 & 50 °C chlorite, mixed reload to independent of 
layer). 3076 kPa temperature. If the soil is 
(anisotropically) NC, av is independent of 
temperature, but if it is 
OC then av varies slightly 
with temperature. This 
effect reduces with 
increasing O. C. R. 
Inorganic 54 29 No effect, av independent 
Paulding. of temperature. No 
noticeable shift in curve. 
Kaul Reconstituted: n/k n/k Load from 3 to For mont. increases in 
1970 Kaolinite 3925 kPa then the temperature increase 
Between 10 & Illite unload to 3 kPa e, for the others e was 
70 *C Mont. (anisotropically) unchanged as temperature 
increased. 
Compressibility 
independent of 
temperature. 
Webster Reconstituted: Load from 150 Cc and the slope of the 
1983 Kaolin n/k n/k to 350 kPa normal compression line 
@ 20 & 86 °C (isotropically) are independent of 
temperature. 
Virdi Reconstituted: Load to 100 kPa An increase in 
1984 Kaolin 66 38 then heat. temperature reduces the 
@ 20 & 50 °C (isotropically) samples volume. 
Ctori Remoulded Load from 0 to For increased temperature 
1988 & 1989 brick clay 37 18 50 kPa e and mv reduces. 
Between 6& (anisotropically) 
35 °C 
Huret et al Remoulded Load from 5 to For temperatures > 40 °C 
1988 Rungis loess. 28 21 265 kPa increased temperatures 
Between 5& (illite, smectite (anisotropically) cause Cc to rise; below 
80"C & kaolinite this no effect noted. 
present in small Heating also reduces e. 
uantities) 
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Table 3.1 continued 
Eriksson Undisturbed : Load from 10 to For increased temperature 
1989 two sulphide 320 kPa e and the apparent 
Between 5& rich silty clays (anisotropically) preconsolidation pressure 
55 °C approx. 2% reduces. 
organics. 
Lulea 110 50 
Kalix 103 37 
Tidfors & Undisturbed : varies varies Load varies As above (see Eriksson 
Sallfors Five marine (anisotropically) 1989). 
1989 clays O. C. R. 
Between 7& varies 
50 °C (very low in 
organics) 
Abbreviations used: 
mont = montmorillonite 
LL = Liquid Limit 
PL = Plastic Limit 
NP = non plastic 
n/k = not known 
e = void ratio 
av = Coefficient of compressibility 
my = Coefficient of volume compressibility 
Cc = Compression index 
O. C. R. = Overconsolidation ratio 
NC = Normally consolidated 
OC = Over consolidated 
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Table 3.2 : Summary of temperature effects on the coefficients of consolidation 
and nermeability 
AUTHOR ( SOIL L. L. P. L PRESSURE TEMPERATURE 
EAR YEAR (%) (%) RANGE 
J 
EFFECTS 
TEST TEMP. 
Bouyoucos Remoulded n/k n/k Low pressures, Increases in temperature 
1915 Miami sands & exact pressures caused: 
Between 0& clays unknown. (1) movement of water 
50 °C to cooler soil, 
(2) an increase in k. 
Gray Remoulded : Load to 285 kPa Increased temperature 
1936 & 1938 Boston blue 41 21 & unload @ Ti accelerates primary 
@ 10 & 22 °C clay , then reload to consolidation. 
Silty clay n/k n/k 1960 kPa @ T2 
Mexico city clay n/k n/k (anisotro icall ) 
Lewis London clay, n/k n/k n/k For increased 
1951 initial state n/k. temperature cv increases. 
@ 15&45°C 
Finn Remoulded : Up to 858 kPa For increased 
1951 Organic silty 62 37 (anisetropically) temperature cv &k 
Between 4& clay. increases. 
27°C 
Subba et al Remoulded: n/k n/k n/k (1): increases in 
1964 Gangetic temperature between 30 
Between 30 & alluvial & 60 °C reduce k; 
1000 °C Delhi soil (2): increases in 
temperature between 60 
and 650 °C increase k; 
(3): increases in 
temperature between 650 
& 1000 °C reduce k. 
Buchanan Reconstituted : Up to 980 kPa Increased temperature 
1964 Sodium mont. 640 40 (anisotropically) caused slight increases 
Between 7& Calcium mont. 104 43 in k and cv. However, 
41 oC Sodium & NP adsorbed film effects are 
Calcium mont. more significant. 
+ naphtha. 
Simons Undisturbed @1m Up to 1960 kPa Reduced temperature 
1965 Fornebu clay. 80,25 (anisotropically) reduces both cv & k. 
Qa 6.5 & 21 °C Silty marine @a 15m 
clay 50 25 
Paaswell Remoulded : Up to 460 kPa Increased temperatures 
1965 & 1967 Penn soil. 35 26 (anisotropically) raise both cv & k. 
Between 23 & Inorganic silty 
55 °C clay. 
Noble Clayey silt. 34 24 103 to 207 kPa An increased 
1968 Calcium mont. 89 30 207 to 414 kPa temperature increases the 
@2& 60 °C (anisotropically) rate of consolidation. 
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Table 3.2 continued 
Laguros Remoulded: Up to 785 kPa Illite soil's behaviour 
1969 Kaolinite 54 25 (anisotropically) was erratic reaching a 
Between 2& Illite. 32 17 low value of cv at 21 °C. 
41 oC Mont. 65 18 For the other clays an 
Mont. fillite. 50 22 increased temperature 
reduced cv . The most 
significant effects were 
observed with mont. 
Habibagahi Reconstituted : Up to 3076 kPa Increased temperature 
1969,1973, Inorganic & 54 29 (anisotropically) raise both cv & k. Effect 
1976 & 1977 organic 70 45 reduces with increased 
Between 25 & Paulding (illite, pressures. 
50 °C chlorite & 
mixed layer. ) 
Dokla et al Consolidated n/k n/k Up to a Increased temperature 
1983 soils. maximum of slightly reduce k. 
Between 28 & 6900 kPa 
45 °C (anisotro icall ) 
Webster Reconstituted: n/k n/k From 150 to 350 Increased temperature 
1983 Kaolin kPa raises cv but reduces k. 
@ 20 & 86 °C (isotropically) 
Pusch & Sodium n/k n/k Approximately Increased temperature 
Carlsson smectite between 500 to increases k. This effect 
1985 20000 kPa. is more significant at 
@ 20 & 70 °C lower bulk densities. 
Houston & Lin Undisturbed: Confining Increased temperature 
1987 Pacific illite and 88 41 pressures up to increases k, this being 
Between-4 & smectite clay. n/k n/k 2.1 MPa, with viscosity dominated. 
200 °C effective stresses However, the 
between 29 and dominance of viscosity 
98 kPa. reduces as temperature 
(isotropically) increases. 
Ctori Remoulded From 0 to 50 Increased temperature 
1988 & 1989 brick clay. 37 18 kPa reduces both cv and k 
Between 6& (anisotropically) 
35°C 
Huret et al Remoulded 28. 21 Up to 265 kPa Increased temperature 
1988 Rungis Loess. (anisotropically) increases cv 
Between 5& (illite, smectite 
88 °C and kaolinite 
was present in 
small amounts) 
Abbreviations used: 
mont. = montmorillonite NP = not plastic 
LL = Liquid Limit CV = coefficient of consolidation 
PL = Plastic Limit k= coefficient of permeability 
n/k = not known 
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Table 3.3 : Summary of the influence of temperature on swelling effects. 
AUTHOR SOIL L. L. P. L. PRESSURE TEMPERATURE 
YEAR (%) (%) EFFECTS 
TEST TEMP. 
Bouyoucos Remoulded : n/k n/k n/k Swelling occurs at 
1915 Miami clay consolidated temperatures above 
Between 0 to 40 °C. 
50°C 
Yong et al Reconstituted: n/k n/k 5 to 110 kPa Reductions in 
1962 Sodium mont., (anisotropically) temperature reduce 
Between 1& swell pressures. 
23 °C 
Yong Reconstituted: n/k n/k 70 to 520 kPa Increases in 
1967 Sodium mont., applied temperature raise the 
@ 25,35, & (anisotropically) swell pressures. 
45 °C 
Yong et al Plaster of paris. n/k n/k Consolidated to Increases in 
1969 Kaolin glass 1000 kPa, Load temperature reduce 
@ 10,25, & bead mixes. then release in water retention and 
45 °C controlled raise swell pressures 
stages. at a constant 
(anisotropically) moisture content, 
though overall 
effects small. 
Blaser and Remoulded 29 15 Surcharge of Salt heave expansion 
Scherer light silty clay 0 to 4 kPa due to recrystallation 
1969 containing: (anisotropically) of soil sulphates as 
Between *24 to mica, mont., the temperature 
4 *C chlorite, calcite, reduced. 
uartz. 
Kaul Reconstituted: n/k n/k 3925 to 3 kPa Increases in 
1970 mont. (anisotropically) temperature cause 
Between 10 to illite. & swelling in mont. 
70 °C kaolinite. However, no change 
with the other two 
occurred. 
Sherif et al Sodium mont. varies varies no pressure Increases in 
1982 & Ottawa sand (free) temperature cause 
@ 24,38, & mixes. swelling, this 
66 °C increases as the clay 
content rises. 
Abbreviations used: 
Mont. = montmorillonite 
LL = Liquid Limit 
PL = Plastic Limit 
n/k = not known 
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Table 3.4 : Summary of temperature effects on secondary/creep 
behaviour. 
AUTHOR SOIL L. L. P. L. PRESSURE TEMPERATURE 
YEAR (%) (%) EFFECT 
TEST TEMP. 
Gray Remoulded : Load to 285 kPa Increased temperature 
1936 & 1938 Boston blue 41 21 and unload @ increases the rate and 
@ 10 & 22 °C clay T1. Reload to magnitude of secondary 
Silty clay n/k n/k 1960 kPa @ T2. consolidation for organic 
Mexico city clay n/k n/k (anisotropically) soils. 
Lo Remoulded : Only slight increase in 
1961 London clay 75 30 53 to 430 kPa temperature can change 
Between 13 & Grangemouth 62 26 11 to 215 kPa the shape and trend of the 
18 °C. clay secondary curve. 
Sodium 530 120 11 to 16 kPa Changing temperature 
Bentonite both increases rate and 
Fornebu clay 44 21 15 to 785 kPa magnitude of secondary 
Ulla Edet clay. 80 30 25 to 392 kPa consolidation. 
Undisturbed : 
Fornebu clay 44 21 15 to 785 kPa 
Lilla Edet clay. 80 30 25 to 392 kPa 
(anisotro icall ) 
Campanella Reconstituted & (1) consolidated (1) Drained/undrained 
1965 Remoulded : @ 19 °C to cell test on illite: 
Between 43 & Illite 76 29 pressure of 390 Increases in temperature 
18 °C. San Francisco 89 35 kPa. Then caused substantial 
Bay Mud - increase increases in strain with 
(illite, mont., temperature to time, the effect was more 
kaolinite, 43 °C rapidly. pronounced under 
vermiculite & Deviator stress undrained conditions 
quartz). 60 to 65 % of 
Dried illite maximum 
(2) consolidate (2) Undrained creep 
under cell Remoulded illite and 
pressure of undisturbed Bay Mud: 
196/98 kPa Only very slight change 
respectively at in creep behaviour for 
test temperature- both deformation and 
deviator stress strain rates at different 
64 % of temperatures occurred. 
maximum Increases in temperature 
from 19 to 43 °C 
(isotropically) afterwards substantially 
increased creep strains 
(3) consolidate (3) Illite drained creep 
then step creep As (2) 
in increments of 
10 % of 
maximum 
deviator stress. 
(anisotro icall ) 
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Table 3.4 continued 
Paaswell Remoulded : Load between For a transient increase in 
1965 & 1967 Inorganic Penn 35 26 20 kPa & temperature, increases in 
Between 20 & soil. 150 kPa secondary consolidation 
30 °C (anisotropically) occurred when 
temperature was 
increased over long 
periods. 
Noble Reconstituted : Under different (1) Increased Ts for given 
1968 Iowa: normal and Tc and consolidation 
Noble & Calcium mont. 89 30 shear stress for pressure Pc, increases 
Demirel Clayey silt 34 24 varying deformation rate 
1969 consolidation 
@ 2,20,40 & and shear (2) Increased Tc for given 
60 °C. temperatures Ts & Pc, reduces 
(Tc & TO deformation rate. 
[ In direct shear (3) Increase in Pc for 
apparatus] 
(arusotropically) Ts reduces given Tc & deformation rate. 
Plum & Esrig Remoulded: Load at 1440 For increased temperature 
1969 Elite 112 28 kPa. only slightly increases 
Between 24 & (anisotropically) secondary consolidation 
50 °C. occurred. 
Murayama Undisturbed: Load at 100 kPa For undrained tests 
1969 Osaka marine 76 31 (isotropically) increased temperature, 
@ 10,20,30 & clay (from increases the strain at 
40 °C. diluvial layer) given instant and rate 
increased. 
Habibagahi Reconstituted: Load from 3 to For increased temperature 
1969,1973, Inorganic 54 29 3076 kPa no effect on rate or 
1976,1977 Paulding (illite, (anisotropically) magnitude of secondary 
Between 25 & chlorite - mixed consolidation occurred. 50 °C. layer) Transient increases in 
temperature increase rate 
initially but this falls back 
to the original value. 
Organic 70 45 As for inorganic As for inorganic except 
Paulding Paulding, rate greater and with OC, 
increased temperature 
increase both rate and 
magnitude. 
Kaul Reconstituted: Load between 3 For increased 
1970 Mont. n/k n/k & 3925 kPa temperature, the rate of 
Between 10 & Illite n/k n/k (anisotropically) secondary consolidation 
70 T. Kaolin n/k n/k of illite and mont. 
increased, but has no 
effect on the kaolinite 
was observed. 
Mitchell Bentonite state n/k n/k n/k For increased temperature 
1976 unknown. w=384% increase creep strain was 
@a 9& 52 °C. measured. 
99 
Table 3.4 continued 
Virdi Reconstituted: (1)Drained creep (1)Drained creep 
1984 Kaolin 66 38 @ 27,43,63, Transient increases in 
@ 9,20 & 81% of temperature caused an 
50 °C. compressive increase in axial and 
(cycled) strength volumetric strain. 
(isotropically) Temperature reductions 
reduced these strains. 
These effects were 
greater with increased 
stress level. Strain rate 
also increased as 
temperature increased. 
(2) Undrained (2) Undrained creep 
creep 
@ 30,50,70, Transient increases in 
90 % of temperature caused 
compressive increases in pore pressure 
strength 
(isotropically) 
Coarse (3) Drained (3) Drained creep 
Leighton n/a n/a creep 
Buzzard Sand 
(uniform) @ 30,50,75, Transient increase in 
85 % of temperature increased 
compressive volumetric and axial 
strength strains. For samples at 85 
(isotropically) %, changes in 
temperature promoted 
failure. 
Fine Leighton (4) Undrained (4) Undrained creep 
Buzzard Sand n/a n/a creep 
(uniform) Increases in temperature 
@a deviator increased pore water 
stress of 180 pressure. 
and 300 kPa 
(isotropically) 
Houston et al Undisturbed Cell pressures Increases in temperature 
1985 and up to 2.1 MPa (thermal load) caused 
@ 4,40,100, remoulded: 88 41 @ 30 to 90 % of thermal secondary 
& 200 °C Pacific ocean peak deviator effects, i. e. increased 
illite clay. stress creep. Increased 
(isotropically) consolidation temperature 
reduced creep rate, but at 
100 & 200 oC the rate 
increased during later 
stages promoting rupture. 
Huret et al Remoulded: Load from 26.5 Increased temperature 
1988 Rungis Loess 28 21 to 265 kPa increased the rate of 
Between 5& (anisotropically) secondary consolidation. 
80 0C 
100 
Table 3.4 continued 
Tidfors & Undisturbed: Load at 60 kPa Increased temperature 
Sallfors Five marine varies varies (anisotropically) increased creep and creep 
1989 clays of varying rate. 
@ 25,35,45 & OCR of low 
55 oC organic 
contents. 
Eriksson Undisturbed: Load from 40 to For increased temperature 
1989 Sulphide rich 90 kPa the rate of creep increased 
Between 5& silty clays, (anisotropically) and was of the same 
45 ° C. approx. 2% nature as long term creep. 
organics 
Lulea 110 50 
Kalix 103 37 
Abbreviations used: 
mont. = montmorillonite 
LL = Liquid Limit 
PL = Plastic Limit 
Ts = Temperature of shear 
Tc = Temperature of consolidation 
Pc = Pressure of consolidation 
n/k = not known 
OC = Over consolidated 
n/a = not applicable 
w = moisture content 
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Table 3.5 : Summary of Transient. Cycling and Thermal loading effects 
AUTHOR 
YEAR 
TEST TEMP. 
SOIL L. L. 
(%) 
P. L. 
(%) 
PRESSURE TEMPERATURE 
EFFECTS 
Campanella Reconstituted & (1) consolidate (1) increase in 
1965. Remoulded : to 196 kPa @ temperature caused a 
Campanella & Illite 76 29 18 °C then reduction in volume. 
Mitchell cycled between The first cycle produces 
1968. 60 &4 °C a permanent volume 
Mitchell (isotropically) change. However, for 
1969 & 1976 subsequent cycles, 
Between 4 and changes in volume are 
60 °C reversible. 
San Francisco 89 35 (2) used sample (2) increases in 
Bay Mud (illite, as tested above. temperature increase 
mont., (isotropically) pore pressure 
kaolinite, depending on the 
vermiculite and effective stress applied 
quartz) and soil 
compressibility. OC 
soil forms a closed loop 
with temperature cycles 
For NC soil a residual 
pore pressure build up 
occurs initially, before 
a loop is formed after 
several cycles. 
Paaswell Remoulded : Load @a 25 C (1) increase temperature 
1965 & 19.67 Penn soil 35 26 to desired stress by 10 °C in two hours 
Between 25 and (inorganic silty level then caused a slight increase 
80 °C clay) increase - in strain, mostly a 
temperature. secondary effect 
Tested between 
20 & 306 kPa (2) increase temperature 
(anisotropically) by 30 °C in 4/5 hours - 
more pronounced 
increase in strain, both 
primary and secondary 
effects occurred. 
(3) increase temperature 
by 55 °C in 15 min. - 
most pronounced effect 
with large increases in 
strains. 
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Table 3.5 continued 
Paaswell Sample Sine pulsing of 
1967 & 1969 compacted then temperature caused 
Between 74 & Buffalo clay 54 24 a seating load of swelling / concentration 
23 °C 30 kPa applied as temperature 
for 24 hours increased/decreased. 
(anisotropically) Caused by build 
up/relief pore pressure. 
Plum & Esrig Remoulded : Undrained (1) Increase in 
1969 Newfield clay 25 14 @ 138,276, temperature increases 
Cycled between (hydrous mica 414 kPa pore pressure. 
14 & 35 °C + chlorite) (isotropically) 
(2) Cycling produces a 
closed loop only when 
sample is over 
consolidated. 
(3) Thermal load 
analogous to 
mechanical load. 
Heat to 50 °C Remoulded : 112 28 @ 117,221, Cycling temperature 
then cool to Illite 1240 kPa caused a slight 
24 °C (anisotropically) overconsolidation 
effect. 
Demars & Undisturbed : Consolidated at Cycling temperature 
Charles Marine clays varies varies 3.5 to 440 kPa produced a permanent 
1982 and a silt. (isotropically) change in void ratio, 
Cycled between this increasing with PI 
25 & 50 °C for NC soil. Increases 
in OCR reduce these 
effects. 
Virdi Reconstituted: Consolidate (see Campanella 1965) 
1984 Kaolin 66 38 anisotropically 
Cycled from slurry to For sand cycling 
20 to 50 Uniform coarse n/a n/a 85 kPa then caused elongation of 
to 9-50 Leighton isotropically to sample. 
to 9-20 °C Buzzard sand 100 kPa 
Uniform fine n/a n/a 
Leighton 
Buzzard sand 
Houston et al Undisturbed & Confining Thermal load analogous 
1985 & remoulded 88 41 pressure up to to mechanical load- 
Houston & Lin Pacific ocean 2.1 MPa, with increased temperature 
1987 illite clay effective stress under constant 
@ 4,40,100, up to 98.1 kPa mechanical loads 
200 °C Smectite rich n/k n/k (isotropically) elevates pore pressure 
clay. and reduces void ratio 
when drainage allowed. 
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Table 3.5 continued 
Huret et al 
1988 
Cycle between 
20 & 80 °C 
Remoulded: 
Rungis loess 
(clay fraction: 
illite, smectite 
and kaolinite) 
28 21 
Between 26.5 
and 265 kPa 
(anisotropically) 
Temperature cycle 
produces a permanent 
change in volume 
Baldi et al Undisturbed Remoulded (1) increase temperature 
1988 Boom clay 67 42 specimens increased volumetric 
Cycled between (illite, kaolinite, consolidated strain, temperature 
22 & 87 °C smectite, from a slurry reduction caused a 
quartz) anisotropically reverse of these effects. 
to 200 kPa then 
Remoulded isotropically (2) OC soils are 
Kaolinite 50 25 consolidated to thermoelastic 
Pontida silty 32 19 2.5 MPa. 
clay (illite, Undisturbed (3) NC soils are 
kaolinite, specimens thermoplastic 
quartz) isotropically 
consolidated 
above maximum 
previous 
pressure. Cycled 
temperature and 
pressure 
isobarically and 
isothermally: 
isotropic drained 
tests 
Hueckel & Undisturbed: Drained As Baldi et al 1988 
Baldi Boom clay n/k n/k isotropic tests at 
1990 (smectite) 0.2 to 0.5 MPa. heat/cool gave 
Cycled between Cycled irreversible volume 
20 & 90 °C Pasquasia clay n/k n/k temperature change. In NC soil 
(illite, kaolinite, isobarically and reverse gave 
30% carbonate) isothermally. overconsolidated 
appearance. Thermal 
Remoulded strain OC<NC. 
Pontida silty n/k n/k 
clay (kaolinite, 
quartz) 
Abbreviations used: 
mont = montmorillonite 
LL = Liquid Limit 
PL = Plastic Limit 
PI = Plasticity index 
n/k = not known 
n/a = not applicable 
NC = Normally consolidated 
OC = Over consolidated 
OCR = Overconsolidation ratio 
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Table 3.6 : Summary of temperature effects on shear strength. 
AUTHOR SOIL L. L. P. L TEMPERATURE EFFECTS 
YEAR (%) (%) 
TEST TEMP. 
Trask and Close Remoulded: vane shear 
1957 Georgia china n/k n/k Strength varies inversely with moisture 
clay (sodium/ content and slightly with temperature. 
hydrogen 
kaolinite) 
Mitchell Remoulded : undrained 
1964 San Francisco n/k n/k cell pressure = 392 kPa 
Between 5& Bay Mud back pressure = 294 kPa 
31 °C 
(1) Increased test temperature slightly 
reduces moisture 
(2) Increased temperature lowers deviator 
stress to cause any particular strain 
(3) Increased temperature increases pore 
pressure 
(4) Increased temperature reduces shearing 
resistance. 
Noble Reconstituted : direct shear tests 
1968 Normal stresses between 207 and 
Noble and Calcium mont. 89 30 827 kPa 
Demirel 
1969 Clayey silt 34 24 (1) At given consolidation pressure Pc and 
Between 60 & temperature Tc, increased test temperature 
2 *C Ts reduced peak strength 
(2) At given Pc and Ts, increased Tc 
increases peak strength 
Laguros Remoulded : unconfined compression test 
1969 Kaolinite 54 25 Increased temperature raised strengths 
@ 2,21 & Illite 32 17 with all clays except illite sample, this 
41 °C Mont. 65 18 showed an erratic / slightly reducing trend. 
Mont. -illite clay 50 22 
Sherif and Reconstituted : undrained unconfined compression test 
Burrous Kaolinite 68 35 rate = 2.8 kPa/min 
1969 
@ 24,38,52, (1) Strength inversely related to moisture 
66 °C content 
(2) Increased temperature reduced strength 
at given moisture content. 
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Table 3.6 continued 
Highter Reconstituted : unconfined compression test 
1969 Kaolin-sand 55 32 shear rate =1 %/min 
Highter et al mix (4: 1) moisture content < PL 
1970 
@ 2,13 & (1) Increased compaction temperature 
29 °C increases strength at given test temperature 
(2) Increased test temperature reduces 
strength at given compaction temperature. 
(3) Increased compaction temperature 
reduces strains at failure. 
Burrous Reconstituted : undrained triaxial test 
1973 Kaolin 66 34 consolidated/unconsolidated. 
@ 24,45 & Kaolin-sand 31 18 (1) Increases in consolidation temperature 
66 °C mix (2: 3) reduce moisture content. 
(2) Increase in temperature 
(unconsolidated) increase pore pressure, 
reduce effective stress. 
(3) Consolidated tests: elevated 
temperatures reduces shear strength at 
given consolidation pressure. 
(4) Unconsolidated tests: elevated 
temperature reduces shear strength at given 
consolidation pressure. 
(5) At equal moisture contents increased 
temperature reduces shear strength 
independently of test type. 
Bucher Two clays of n/k n/k The residual friction angle was unaffected 
1975 medium by temperature 
Between 10 & plasticity 
50 oC 
Webster Reconstituted: undrained triaxial test 
1983 Kaolin n/k n/k 
@ 20 & 80 oC Increased temperature reduced the shear 
strength 
Hight Reconstituted & vane shear test 
1983 Remoulded: (1) Reconstituted samples: 
@7& 22 oC Cromer Till 25 12 increased temperature reduced undrained 
(illite, smectite, shear strength independent of rate. 
kaolinite and 
chlorite) (2) Remoulded sample: 
at slow rates (< 10° per min. ) increased 
temperature increased strength. At high 
rates (> 100 per min. ) the opposite trend 
was observed. 
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Vinci Reconstituted: strain controlled triaxial test 
1984 Kaolin 66 38 shear rate = 0.0007 mm/min. 
Cycled from 9 
to 50 °C Uniform coarse Compared tests @ 20 °C with ones 
Leighton n/a n/a conducted under thermal cycling. 
Buzzard sand 
(1) First increased temperature reduced the 
Uniform fine deviator stress at a given strain. This was 
Leighton n/a n/a most pronounced with sand and least with 
Buzzard sand NC clay 
(2) Subsequent cycles: increased 
temperature reduced strength, whereas 
reduced temperature increased strength. 
Houston et al Remoulded & consolidated undrained triaxial test 
1985 undisturbed: (1) Elevated temperature caused an 
Houston & Lin Pacific ocean increase in peak strength and stiffness. 
1987 illite and 88 41 
@ 4,40,100, smectite clays. n/k n/k (2) @ 200 °C a pronounced peak then 
200 °C strain softening occurred. 
(3) Elevated temperature increased the 
friction angle and cohesion intercept. 
Naik New Jersey Bar consolidated undrained triaxial test 
1986 sand 27 23 shear rate = 0.1 mm/min. 
@ 24,38,52, Bentonite mixes back pressure = 345 kPa 
66 °C with average effective stress = 207 kPa 
(i) water 
(ii)HCL (pH=2) (1) Increased temperature reduced the 
(iii)NaOH shear strength for a given pH. 
(pH=12) 
(2) Increased pH of fluid reduced the 
strength at a given temperature. 
(3) Increased temperature of consolidation 
increases the strength. 
Ctori Remoulded: vane shear test 
1988 & 1989 Brick clay 37 18. 
Between 6& Increased temperature reduces strength. 
35 °C 
unconfined compression test 
Increased temperature of compaction 
increased streu th. 
Muyambo Reconstituted & vane shear test 
1990 remoulded: 
@ 10,20 & China clay 56 29 No significant trend between strength and 
40 °C (kaolinite) moisture content in relation to temperature. 
Keuper marl 37 20 
U er Lias clay 58 26 
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Table 3.6 continued 
Vaziri and Oil sand n/a n/a drained & undrained triaxial tests 
Byrne 
1990 At elevated temperatures sand exhibited a 
@ 20 & 125 oC stiffer response, i. e. more dilatant. For 
undrained tests increased temperature 
resulted in an increase in pore water 
pressure, eventually leading to failure 
Hueckel and Remoulded: drained triaxial test 
Baldi Pontida silty n/k n/k 
1990 clay (1) Elevated temperatures reduced the 
@ 23 & 98,, C (kaolinite , failure deviator stress. Dilatancy was quartz) observed at 23 °C. 
(2) Critical state was found not to be 
temperature sensitive. 
undrained triaxial test 
Undisturbed: 
Boom clay n/k n/k Critical state was found to be temperature 
(smectite) sensitive 
Abbreviations used: 
mont = montmorillonite 
LL = Liquid Limit 
PL = Plastic Limit 
n/k = not known 
n/a = not applicable 
Pc = Consolidation pressure 
Ts = Test Temperature 
Tc = Consolidation Temperature 
NC = Normally Consolidated 
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CHAPTER 4 
MATERIALS USED 
4.1 PURPOSE AND SCOPE 
Following the extensive literature review conducted in Chapter 3 and with reference to 
the discussion in Chapter 2, any investigation that examines temperature effects should 
be conducted with specific reference to compositional data. Mitchell (1976) and others 
(see Chapter 2) considered that these data would be useful in achieving a better 
understanding of properties and the establishment of qualitative guidelines. 
Unfortunately, as was seen in Chapter 3, these data have been often either completely 
ignored or of only a secondary consequence. However, it is the author's opinion that 
reference to compositional data would account for some, if not all, of the apparent 
contradictions that occur in the literature (see Chapter 3). Thus the overall aim of this 
investigation is to examine the effect of temperature on a clay soil's behaviour in the 
context of its compositional data. 
To achieve this six clays have been tested, two of which, English China Clay and 
Wyoming Bentonite, are near monomineralic samples. These are examples of kaolinite 
and smectite (primarily montmorillonite) respectively, this enabling direct comparisons 
between the behaviour of different clay minerals to be made. The other four samples 
were all common British clays of varying clay and non-clay mineral content (see Tables 
4.1 and 4.2), thus enabling further comparisons to be made. Classification and 
chemical analyses were carried out to determine their compositional properties, together 
with a literature review of their associated geology (see below). 
These samples were then tested to examine two of the most important sets of soil 
engineering behaviour at elevated temperatures, namely shear and compression 
(Chapter 2). The overall programme was designed to give some insight into the 
significance of the effect of temperature in the context of a soil's compositional nature, 
this complementing existing data. A careful note of each sample's temperature history 
was made throughout. 
Unfortunately, temperature effects on soil are complex and any one test programme 
cannot investigate all aspects, thus it can only hope to complement existing knowledge. 
Therefore it was not possible to achieve a full comparison of shear and compression 
behaviour of all six clays at elevated temperatures. The various clays used for the 
different investigations have been detailed in the next four chapters where appropriate. 
Furthermore, this study has been limited to clays, not only due to these limitations but 
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also because most of the contradictions found in the literature occur with clays, 
particularly those of high plasticity (Chapter 3). This study is further limited to 
qualitative analysis due to the complexities and problems that occur with quantitative 
analysis attempted in the past (Chapter 2). 
4.2 GEOLOGY 
4.2.1 English China Clay 
China clay, or kaolin as it is internationally known, gained its name from 
Kaoling in north-west China where it was first used to produce a fine white 
porcelain. Samples were received directly from the Watts Blake Bearne and 
Co. P. L. C. in a dry powdered form (graded China Clay No. 50). Hence, the 
sample used in this study differs from the in situ material intrinsically due to the 
refining process (see below). Extensive reviews of china clay's geology have 
been made by numerous authors due to its commercial value, including 
Edmonds et al (1975), Highley (1984), Jepson (1984) and Duff and Smith 
(1992). 
China clay originates from large deposits found in the south-west of England, 
and consists essentially of kaolinite formed by the in situ alteration of sodic 
plagioclase found in variscan granites. Kaolinisation of these granites occurs 
probably via a combination of weathering and hydrothermal circulation, which 
softens the granite allowing the intrusion of low salinity groundwater, although 
this is still a matter of debate (Duff and Smith 1992). This process has been 
continuous since Triassic times and is still occurring. It was largely affected by 
acid movement along joint and vein systems. The whole process produces a 
clay matrix which consists of friable aggregates of quartz, mica, potassium 
feldspar, kaolinite and some smectite. The kaolinite content mainly occurs in 
the fraction less than 20 microns, and typically constitutes only 15 to 25% of 
this. This accounts for the large amounts of waste produced during refinement. 
The refined product has a high percentage of kaolinite, with quartz, mica and 
iron-bearing minerals having largely been removed. Typically the latter is 
present in only very small quantities in these deposits, which accounts for their 
renowned whiteness. The kaolinite itself is in a well ordered form, typically 
exhibiting coarse hexagonal lamellar grains. Substitution is rare, though the 
surface may be often coated with amorphous silica gel which dominates the 
cation exchange (Jepson 1984; Newman and Brown 1987). 
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4.2.2 Wyoming Bentonite 
The term Bentonite was first used by Knight (1898) to describe a highly 
colloidal plastic clay found near Fort Benton, in the Cretaceous beds of 
Wyoming (Grim 1968). Since then a vast amount of literature has been 
produced, driven by the commercial importance of these deposits (Buchanan 
1964; Grim 1968; Mitchell 1976; Brown et al 1978; Odom 1984). The 
samples used in the work reported herein were obtained direct from Steetley 
Minerals Limited, in a powdered form. Producing a powdered material may 
alter its intrinsic nature and as such it will differ slightly from the in situ 
material. 
Wyoming Bentonite itself originates from a semi arid/arid climate mainly of 
Cretaceous and younger age. It was formed via the chemical alteration of 
glassy volcanic ash in situ, which produces bentonite rock, the main source of 
this clay. It consists predominantly of a smectite material usually in a 
montmorillonitic form, although other minor components, including kaolinite 
and illite exist. Also present are quartz and cristobalite, which account for about 
10% of this material. The montmorillonite is in a sodium-saturated form, 
although some replacement may occur, introducing calcium and magnesium, via 
groundwater leaching. However, this effect generally reduces with depth and is 
indicated by the change in colour. Leached material typically shows a yellow 
colour, whereas when in a sodium form a blue-grey or green colour dominates. 
Overall, however, the main exchangeable ion is determined by the initial 
chemical composition and only secondary effects occur via changes in ion 
environment and intrusion of groundwater. 
Due to its distinctive nature Wyoming Bentonite is extensively used in industry. 
In Civil Engineering it is commonly used as drillers' mud, in mineral liners and 
in cut-off walls due to its high viscosity, thixotropic nature, impermeability and 
high plasticity. However, it can also be problematic due to its high swelling 
potential. 
4.2.3 Keuper Marl 
Keuper Marl is a deposit of the late Triassic period that outcrops extensively in 
the Midlands region of England, although the outcrop extends across the 
country from the North-East to South-West. It is an important brick material 
which is considerably variable in its nature and has been the subject of much 
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discussion (Edmunds and Oakley 1947; Kolbuszewski et al 1965; Davis 1966, 
1967,1968, Chandler et al 1968; Chandler and Davis 1973; Ridgeway 1982, 
Duff and Smith 1992). Samples used throughout this investigation were of 
Nottinghamshire Keuper Marl supplied in a powdered form direct from 
Heasledons. This material will also differ slightly from that found in situ (see 
below). 
Keuper Marl represents the semi arid/arid weathering product of carboniferous 
materials, which were deposited as mud in shallow basic saline or hyper-saline 
waters that formed large inland lakes or lagoons. Due to the lack of drainage 
and high evaporation rates high salinity developed producing sulphates usually 
found in the form of gypsum and anhydrite. Associated with this evaporite 
sequence are carbonates, commonly dolomite and calcite. It is a variable rock, 
although it typically consists of a red-brown silty mudstone, shale or marl. The 
red colour occurs due to the uniform haematite content. However, due to its 
low carbonate content, generally between 2.5 and 14%, the term marl is not 
strictly merited. Recent geological nomenclature now refers to this material as 
Merica Mudstone, although the term Keuper Marl is still very commonly used 
(Duff and Smith 1992). 
Associated with this material is a variable mineralogy, although 80 to 95% of 
samples fall into the illite - corrensite - chlorite - calcite - dolomite - haematite - 
quartz mineral suite. However, some swelling chlorites and the occasional 
montmorillonite will be present, particularly in the more weathered material. 
Davis (1966) noted that, as Gibbs rule was obeyed, it is likely that chemical 
equilibrium exists. 
Natural deposits are heavily over-consolidated, having previously been covered 
with Jurassic material, and have since been weathered to expose the present 
outcrops. This, coupled with the high salinity of deposition, has produced an 
aggregated structure. It has been described in terms of pedology (Davis 1966, 
1967,1968; Chandler et al 1968) as a system in which the clay flocculates into 
'primary ped' units that are weakly cemented by haematite or haematite-clay 
mixture to form large secondary peds. These secondary peds can be easily 
disintegrated by mechanical disturbance. If, however, the deposits are 
magnesium-rich peds tend not to form. These primary peds can account for the 
apparent low clay fractions measured when compared with the actual clay 
mineral contents. These peds are not easily broken down and so normal particle 
size analysis tends to give only apparent values. This accounts partly for the 
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low plasticity common to this material. However, weathering will soften 
Keuper Marl and swelling may be exhibited. Typical exchange cations include 
calcium and magnesium, although some sodium and a little potassium is also 
present. 
4.2.4 Lower Lias 
The term 'Lias' was introduced into geological nomenclature by William Smith, 
from the old West of England quarryman's term primarily applied to horizons 
of muddy and shelly limestone (Edmunds and Oakley 1947). The Lias deposits 
have since been further subdivided into Lower, Middle and Upper Lias. 
Further geological reviews have been made by Sherlock (1967), Ridgeway 
(1982), Anayi (1990), and Duff and Smith (1992). The samples used in this 
investigation were obtained from the banks of the South Oxford canal at Fenny 
Compton in Warwickshire, near Banbury, in a disturbed state. Further 
reference has been made to the British Waterways Board site investigation 
report of the area. This indicated that the samples were of Lower Lias. 
Lower Lias outcrops extensively in Northamptonshire and Lincolnshire, with 
other outcrops occurring from the Vale of Evesham through Rugby, Leicester 
and Melton Mowbray. It is a marine deposit of the lower Jurassic period, 
chiefly consisting of a blue shelly mudstone formed from the alteration of fine- 
grained argillaceous limestone. It is dominated by illite with minor components 
of mica, glauconite, marcasite, and pyrite. Lower Lias is usually fossiliferous 
and thus considered to be a calcareous mudstone. Further mineral contents 
include sulphide and in some places it has a high sulphur and iron content, with 
occasionally nodules of cementstone. 
4.2.5 London Clay 
London clay is a marine deposit of the Eocene period, and has been well 
described in the literature (Bishop et al 1965; Tachalenko 1968; Sherlock 
1967; Ridgeway 1982; and Duff and Smith 1992). The samples used in this 
study were obtained in an undisturbed state from Totteridge, North London at a 
depth of 11.00 to 11.45m. Further reference to geological maps has been 
made, confirming that this sample was London clay. 
It is typically a stiff dark bluish-grey clay that weathers at outcrops to brown. It 
was overlain by the Claygate beds and Bagshot sands, though subsequent uplift 
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and erosion has removed these sediments together with the upper layers of 
London Clay. More recently it has been covered with flood plain gravels or 
abruptly with Bagshot sands, though in places outcrops exist. 
Characteristic of London Clay is separia or concretions of argillaceous 
limestone, occurring as layers of nodules containing numerous fossils. At the 
lowest part of the formation sandy beds with black flint pebbles exist, this being 
known as the basement bed. It is possible that oxidation of iron pyrites in the 
bluish clay has formed acid, which has attacked the calcareous shells to form 
gypsum or selenite. This could explain the absence of fossils in London clay at 
most locations. However, numerous plant remains have commonly been 
found. 
London clay has a mineralogy that normally consists of illite and 
montmorillonite with lesser amounts of kaolinite and traces of chlorite. It 
further contains abundant amounts of glauconite in either pellet or dispersed 
forms. However, significant differences in clay mineralogy have been found, 
coupled with variation in pore fluid chemistry. It is, therefore, expected that the 
same trend exists with mechanical properties. It is typically a very plastic clay 
of high water adsorbing capacity, and therefore shrinkage and swell potential, 
and thus is associated with many engineering problems. 
4.2.6 Oxford Clay 
Oxford clay is a major source of brick building material in the UK and reviews 
of its geology have previously been made by Edmunds and Oakley (1947), 
Sherlock (1967), Worssam and Taylor (1969), Ridgeway (1982), and Duff and 
Smith (1992). Undisturbed samples were used in this investigation and were 
obtained from a site near Huntingdon at a depth of 8.00 to 8.45m. Reference 
was made to the local geological map, confirming this sample as Oxford clay. 
Oxford clay was formed in the slow, uniform flow of an oceanic continental 
shelf during the upper Jurassic, Oxfordian and Callovian periods. This 
produced a remarkably uniformly sized, homogeneous, fine grained material, 
which occupies the large flat country of Bedfordshire and Cambridgeshire, 
although it occurs across England from Yorkshire to Weymouth. However, 
Oxford clay can be difficult to distinguish from the Kellaway bed due to the 
gradual transformation between them. 
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Oxford clay comprises a blue-grey, bituminous, clayey-shaly mudstone, which 
at depths of less than 20m tend to be more plastic and paler. It will turn from a 
bluish-grey to brown upon weathering. Common throughout are bands of 
limestone and fossils, with successions of pyrite nodules and selenite crystals 
(gypsum). The carbonaceous content is about 5% by weight. Its main clay 
mineral is an illite-mica type, although lesser amounts of kaolinite and traces of 
chlorite, smectite and vermiculite occur. The dominant non-clay material tends 
to be calcium carbonate. 
4.3 COMPOSITIONAL TESTS 
Below is a brief discussion of the methods employed to determine the various clay's 
compositional nature. A summary of these results is given in Table 4.2. The 
equipment used throughout this work has been previously calibrated as required by BS 
1377 (BSI, 1990) part 1 or in accordance with the manufacturer's specification where 
appropriate. 
4.3.1 Classification 
All material descriptions were made in accordance with BS 5930 (BSI, 1981). 
The liquid limit tests were carried out according to BS 1377 (BSI, 1990) part 2 
clause 4, using the cone penetrometer device. All samples were first air dried 
for at least 24 hours, crushed and sieved through a 425 micron sieve as 
required. It proved necessary after having mixed specimens of Wyoming 
Bentonite and Bentonite-English China clay mixture into a homogeneous paste, 
to allow them to mature for 24 hours before testing. This ensured that full 
water adsorption was achieved (Grim 1968). Furthermore, a minimum of five 
data points were recorded to increase the reliability of the data. The plastic limit 
was determined in accordance with BS 1377 (BSI, 1990) part 2 clause 5. 
The Atterberg Limits were monitored throughout the course of the main test 
programme to ensure sample consistency. This is particularly important for 
natural mudrock material, such as Keuper Marl (Cripps and Taylor, 1981). 
Changes to the liquid limit did occur with samples of London and Oxford clay, 
although this will be discussed later in Chapter 9 (see Section 9.2). 
Furthermore, the Liquid Limit of Wyoming Bentonite seems low compared 
with typical values (see Tables 4.1 and 4.2), although these typical values were 
based on a limited amount of data. This is discussed later in Chapter 9 (see 
Section 9.2). 
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4.3.2 Particle density 
Particle density, or specific gravity, was determined according to BS 1377 
(BSI, 1990) part 2 clause 8, using the gas jar method. However, it proved 
necessary for four of the clay samples to employ certain modifications, to 
ensure accurate and repeatable results. 
Due to Wyoming Bentonite's high water adsorption capacity, only 50g of dried 
material was used thus ensuring that full dispersion was possible. To further 
aid this process, the gas jars with dispersed solutions were placed in an ultra- 
sonic bath for 30 minutes, after which the specimens were tested as specified 
above. 
A similar approach was necessary when determining the particle density of both 
London and Oxford clay. However, after the specified end-over-end shaking, 
it was necessary to vibrate the gas jars on a vibrating table to remove all trapped 
air. After this the specimens were stored overnight before measurements were 
made. 
For Keuper Marl, specimens were dried at both 800C and 1050C due to its 
suspected high gypsum content. However, no significant difference was 
recorded between the two methods. 
4.3.3 Chemical tests 
Organic, total sulphate, carbonate content and pH were determined according to 
BS 1377 (BSI, 1990) part 3 clauses 3,5,6 and 9 respectively. The sulphates 
were found using the gravimetric method, while the carbonate content was 
determined via the titration method, both of which are specified in the code. The 
appropriate values are given in Table 4.2. Due to problems encountered in 
determining the end point of titration for English China clay the value quoted is 
the best estimate that could be achieved (see Table 4.2). 
4.3.4 Particle size analysis 
The particle size distribution, and hence the clay fraction percentages, were 
determined using a sedigraph 5100 machine. Specimens were first treated with 
a deflocculant consisting of freshly prepared sodium hexametaphosphate which 
incorporated a buffer solution of sodium carbonate. These were then wet 
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sieved in accordance with BS 1377 (BSI, 1990) part 2 clause 9.2 to produce a 
fraction less than 63 microns. These fractions were then analysed in the 
sedigraph apparatus. This uses the same sedimentation principles as other tests, 
but has the advantage that testing is conducted in a more carefully controlled 
environment. Furthermore, it analyses specimens via finely collimated 
pulsating beams of low energy X-rays. This allows quick calculation of 
equivalent spherical diameters, the results of which are given in Table 4.2. 
However, even the most sophisticated methods are limited by particle 
interactions. This was particularly problematic with the Wyoming Bentonite 
sample. Several different dispersion agents and techniques were employed 
without success, the analysis producing non-repeatable results due to further 
combined dispersion and flocculation of the clay. Thus the clay fraction has 
been estimated with reference to previous literature (Seed et al, 1964a). This 
limitation must also be noted when referring to the clay fraction of all of the 
clays tested, particularly the mudrocks (Davis, 1966). 
4.3.5 Specific Surface Area 
The external surface area of the clay samples was determined by a Micromeritics 
Accelerated Surface Area and Porosimetry (A. S. A. P. ) 2000 analyser, using 
physisorption of nitrogen gas. Specimens were first outgassed under a vacuum 
before being immersed in liquid nitrogen and filled with a known volume of 
helium, which acts as a carrier gas. The specimens were then dosed with 
nitrogen (as the adsorbate). Once adsorption was complete the pressure at 
equilibrium was recorded. The system was dosed with known volumes of 
nitrogen over a preselected range of relative pressures. A five point (B. E. T) 
(Brunauer, Emmett and Teller, 1938) surface area analysis was carried out and 
the external surface area determined. This is a widely recognized method of 
direct determination, further details of which are provided by van Olphen 
(1977), and Greenland and Mott (1978). The results from these tests are given 
in Table 4.2 and are reasonably typical of these clays (see Table 4.1). 
Other techniques can be employed to determine the total surface area, both 
internally and externally. Unfortunately, the apparatus required for these was 
unavailable and values of total surface area were taken from the literature (see 
Table 4.1). It should be noted that for English China Clay, the nitrogen 
adsorption technique gives a good estimate of total surface area (Swartzen-Allen 
and Matijevic 1974; Fripiat et al 1984). 
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4.3.6 Scanning Electron Microscope 
A scanning electron microscope (SEM) was used to obtain pictures of the 
particles associated with each of the clay samples. SEM allows a depth of field 
of view, thus allowing clear pictures of particles down to sub-micron size to be 
obtained. Further details of this technique are provided by McHardy and Birnie 
(1987). Specimens were first dry sieved to a fraction less than 63 microns 
before being sent to the Macaulay Land Use Research Institute to obtain the 
SEM picture (see Plates 4.1 to 4.7). 
Samples were first prepared by dispersing them in an ultra-sonic bath. From 
this dilution, drops of the dispersed clay were placed on circular glass slides 
and then oven dried at a maximum temperature of 500C to dehydrate the 
suspensions. After drying, the samples were covered with gold and placed in 
the SEM for analysis. From the plates taken it can be seen that English China 
clay typically exhibits the crystallinity associated with this material (Plates 4.1 
and 4.7). The mudrocks show a variety of particles, as would be expected 
from their diverse mineral nature. The Lower Lias (Plate 4.2) shows some 
examples of a poorly crystalline material, which could be a disordered kaolinite, 
as expected from mineralogical analysis (see Section 4.3.8). The Wyoming 
Bentonite specimen clearly shows the curved, crinkled film effect typical of this 
material when prepared in this way (see Plates 4.2 and 4.7). 
4.3.7 Cation, anion and cation exchange capacity 
To quantify the exchangeable ions in each of the six clay samples, a Dionex 
series 4500 apparatus was used. This has the advantage of being convenient, 
fast, precise, and able to quantify several species of cation or anion at once, 
using ion exchange liquid chromatography. This compares the various ions 
present to a pre-calibrated standard for each of the ions under analysis. A 
specimen from each clay was first treated with 5m1 of AA Grade 0.1 molar 
nitric acid, in order to release the exchangeable ions into solution. After 
allowing this mixture to digest for 24 hours, the specimens were diluted 
sufficiently to enable injection into the Dionex. 50µl of each dilution was 
injected and passed through an exchange or separator column, where exchange 
took place. For cations a low ionic concentration of hydrochloric acid was used 
as the exchange, and in the case of anions this was a bicarbonate solution. On 
exchange the various ions are released from the dilution and passed through an 
exchange resin which controls the rate of release, enabling each ion to be 
128 
detected separately. A suppressor unit has been especially incorporated in the 
Dionex to increase the overall sensitivity of the detector unit. Detection is 
achieved by two electrodes, by which the conductivity is measured. The 
monitoring system enables rapid calculation of the concentration of ions present 
within ± 0.05mg/l. The results are shown in Table 4.2, and are more or less as 
expected. The relative proportions of cations associated with each clay are 
given in Table 4.3. 
To measure the maximum cation exchange capacity, samples were sent to the 
Macaulay Land Use Research Institute. The details of the method used are 
given in Appendix F. This is due to the lack of a general method which can be 
reliably used for all clays (Bain and Smith 1987). The results are shown in 
Table 4.2 and again were as expected. However, for English China Clay and 
Wyoming Bentonite the total sulphate content measured by the gravimetric test 
(see Section 4.3.3) was zero. Nevertheless, some sulphate ions were detected 
with the Dionex, although since the concentration of these ions was low it was 
considered that it was too low to be measured using the gravimetric methods. 
This is not surprising considering the relative sensitivity of the Dionex machine. 
4.3.8 Mineralogical Analysis 
The clay samples were characterised using Infrared Spectroscopy (IRS) and X- 
Ray Diffraction (XRD) methods. Mineral samples were first pre-ground in 
isopropyl alcohol to optimise particle size. For IRS 1mg of each specimen was 
incorporated into potassium bromide pressed discs. Spectra were recorded over 
a wave range of 4000 to 250 cm-1 in a Perkin Elver 580B infrared spectrometer, 
both before and after heating for 16 hours at 150°C. The ground samples were 
also analysed using XRD. All testing was conducted at the Macaulay Land Use 
Research Institute, and further details of the methods employed are discussed 
by Russel (1987) and Wilson (1987) respectively. The spectrographs and X- 
ray diffraction traces for the six samples are illustrated in Appendix F, and 
summarised in Table 4.2. The mineralogy of these clays appear to be 
reasonably typical, though some variation did occur (see Tables 4.1 and 4.2). 
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Table 4.1 Typical compositional data of clays tested 
(Data from Seed et al 1964a; Kolbuszewski et al 1965; 
Davis 1966; Farrar and Coleman 1967; Swartzen-Allen and 
Matijevic 1974; Van Olphen 1977; Greenland and Mott 1978; 
Cripps and Taylor 1981; Sridharan et al 1986; Pavlovic and 
Stamatovic 1992; and Chapter 2) 
Clay LL PL Surface Area m2/g C. E. C. Mineralogy 
% % External Total meq/100g (see Section 4.2) 
English China 49-59 25-37 10-40 10-40 3-15 Well ordered kaolinite 
Clay with minor amounts 
of quartz and mica 
Wyoming 495-710 49-55 =40-120 800 80-150 Smectite usually 
Bentonite sodium montmorillonite 
with some illite, 
kaolinite, quartz and 
cristobalite 
Keuper Marl 28-69 17-30 28-50 34-61 11-47 80 to 95% samples are 
(Mercia Mudstone) of illite-corrensite- 
chlorite-calcite-dolomite- 
haematite-quartz mineral 
suite 
Lower Lias 48-63 21-26 29-38 65-75 19-34 Illite with some mica 
glauconite, marcasite 
pyrite, carbonate and 
sulphide 
London Clay 50-105 26-40 56-60 91-96 31-37 Illite and montmorill- 
onite with some 
kaolinite and traces of 
chlorite. Glauconite 
pyrite and selenite also 
present 
Oxford Clay 45-75 17-27 32-39 41-88 10-22 Predominantly illite 
mica with lesser amounts 
of kaolinite and traces 
of chlorite, smectite and 
vermiculite. Also 
contains calcium 
carbonate, selenite 
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Table 4.3 Relative proportions of exchangeable cations 
Cations 
Clay Sodium Calcium Potassium Magnesium 
English China Clay a. 1.0 5.0 3.9 4.3 
b. 1.0 5.8 2.3 8.3 
Wyoming Bentonite a. 1.0 0.2 0.02 0.05 
b. 1.0 0.2 0.01 0.10 
Keuper Marl a. 1.0 72.8 1.7 22.3 
b. 1.0 85.7 1.0 43.2 
Lower Lias a. 1.0 50.3 1.0 2.7 
b. 1.0 57.9 0.6 5.1 
London Clay a. 1.0 23.4 1.9 14.6 
b. 1.0 27.1 1.2 27.9 
Oxford Clay a. 1.0 40.3 23.9 32.5 
b. 1.0 46.1 14.0 61.4 
a. Top value in terms of concentration mg/L, bottom value in terms of meq/L. 
b. All values quoted relative to sodium concentrations. 
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Plate 4.1 SEM pictures of typical English China Clay particles 
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Plate 4.2 SEM pictures of typical Wyoming 
Bentonite particles 
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Plate 4.3 SEM pictures of typical Keuper Marl particles 
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Plate 4.4 SEM pictures of typical Lower Lias particles 
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ndon cla 
Plate 4.5 SEM pictures of typical London Clay particles 
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Plate 4.6 SEM pictures of typical Oxford Clay particles 
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Plate 4.7(a) SEM pictures of typical English China Clay : Wyoming 
Bentonite mixes 
ECC: WB 75: 25% 
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Plate 4.7(b) SEM pictures of typical English China Clay : Wyoming 
Bentonite mixes 
ECC: WB 50: 50% 
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01%. 
Plate 4.7(c) SEM pictures of typical English China Clay : Wyoming 
Bentonite mixes 
ECC: WB 25: 75% 
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CHAPTER 5 
LIQUID LIMITS : EXPERIMENTAL METHOD 
5.1 INTRODUCTION 
This chapter discusses the methods employed to investigate the Atterberg Limits of the 
clays, detailed in Chapter 4, at elevated temperatures. A need for clarification in this 
area was highlighted in Chapter 3 (see Sections 3.2 and 3.12), because the results are 
inconclusive and very little work appears to have been conducted. This test programme 
was designed to fit within the overall aims and objectives discussed in Chapter 4. 
However, only a limited number of clays could be tested. This is discussed further in 
the appropriate sections below. Below is a brief examination of the pertinent literature 
together with a description of the equipment and methodology used. 
5.2 LITERATURE REVIEW 
5.2.1 Atterberg Limits 
The liquid and plastic limits (LL and PL) were originally devised by Atterberg 
in 1911 and have been used in soil mechanics ever since Terzaghi first realised 
their engineering potential in the 1920s (Mitchell 1976). He noted that these 
limits are dependent upon the same physical factors that other properties depend 
upon, and so potentially can yield a significant amount of information about a 
soil's behaviour (Seed et al 1964a, b). Casagrande in the 1930s and 1940s 
produced a standard procedure for determining LL and PL, a technique which is 
still used to this day (BS 1377 : 1990 Part 2). 
Many attempts have been made to correlate the Atterberg Limits, or the 
difference between them, the plasticity index (PI), to other soil parameters such 
as swelling, compressibility and strength (Seed et al 1964a, b; Terzaghi and 
Peck 1967; Voight 1973; Kanji 1974; Wroth and Wood 1978; Nagaraj and 
Murthy 1986; Collotta et al 1989). Wroth and Wood (1978) related the PI to 
the compressibility of remoulded soil with reasonable success, using the critical 
state framework. They considered that a soil at the LL and PL was at the critical 
state since it had been thoroughly remoulded. 
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The Atterberg Limits have further been correlated to compositional data such as 
cation exchange capacity, specific surface area and double layer separation 
(Farrar and Coleman 1967; Nagaraj and Jayadeva 1983; Sridharan et al 1986, 
1988). Nagaraj and Jayadeva (1983) considered that the LL and PL could be 
explained in terms of micromechanistic behaviour relating to the double layer. 
However, Muhunthan (1991) considered that the double layer was too weak 
and suggested that specific surface area and hydration forces controlled the LL, 
coupled with other mineralogical factors. This was further noted by Sridharan 
et al (1986,1988) who considered that the role and significance of the double 
layer was related to mineralogy. The Atterberg limits have also been linked to 
mineralogical and compositional data by other authors (Seed et al 1964a, b; 
Grim 1968; Mesri and Olson 1970; Mitchell 1976; Lambe and Whitman 
1979). Clearly, then, the LL and PL, hence PI, are controlled by many 
compositional factors acting concurrently. 
This was further highlighted by Seed et al (1964a, b) who showed that the 
strength at the LL calculated from effective stress parameters alone was of an 
order of magnitude less than the normal 1 to 3 kPa typically associated with the 
LL. They concluded that this was due to other physico-chemical interparticle 
attractions. Wroth and Wood (1978) considered further that the undrained 
shear strength at the PL was 100 times that at the LL. Overall the LL and PL 
can be considered as indirect measurements of strength, ie the moisture content 
to achieve a specified strength. Seed et al (1964a, b) and Mitchell (1976) 
further noted that at the PL the water was mostly in an adsorbed state, though 
the structural status was unknown. 
It seems reasonable, therefore, to suggest that the Atterberg Limits should be 
used to investigate the effect of temperature on soils. Wroth and Wood (1978) 
considered that the LL and PL were useful in indicating unusual soil behaviour 
quickly and cheaply. Tidfors and Sallfors (1989) further suggested that the LL 
could be used to estimate the likely magnitude of temperature effects on a soil's 
behaviour. Thus it could further give some indication of what soil is most 
likely to be affected. 
However, as has been indicated in Chapter 3, the reliability of the LL and PL 
determinations may be questioned, particularly the PL and especially at elevated 
temperatures. Measurements of the LL made using the cone penetrometer (BS 
1377: 1990 Part 2) are preferred to those from the Casagrande device, because 
the results have greater repeatability, are easier to determine and are less 
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subjective (Wroth and Wood 1978; Houlsby 1982). However, since the 
Casagrande device was used, or was likely to have been used, in nearly all the 
determinations made at elevated temperatures a greater variation in the results is 
expected (Chapter 3). 
The PL test is considerably more subjective and susceptible to human error than 
either of the LL tests used (Ballard and Weeks 1963; Liu and Thornburn 
1964). In fact considering the way the test is normally conducted, it seems 
reasonable to suggest that the PL has always been evaluated at elevated 
temperatures, which vary between room and hand temperatures. To overcome 
these difficulties the cone penetrometer has been proposed as a possible 
technique to determine the PL, this being used to determine both LL and PL, 
hence PI objectively. Campbell (1976) discussed early literature, which had 
extrapolated a PL value from LL results, but this proved erroneous. Campbell 
(1976) found that the PL corresponded to a penetration of approximately 1 to 2 
mm, although this penetration was difficult to determine. He suggested that the 
PL should be redefined in terms of cone penetrometer results. Wroth and 
Wood (1978) proposed a two cone method, both cones having the same 
dimensions but different weights. Again, they suggested that the PL and PI 
should be redefined, but in terms of undrained shear strength instead. Hanson 
(1988) advanced a method based on the use of a single cone using a bilinear 
model, which accounts for the curvature in Skempton and Northey's results of 
liquidity index versus undrained shear strength (Atkinson and Bransby 1978). 
Here the PL corresponded to a penetration of 2 mm. Wijeyakulasuriya (1990) 
discussed both of these methods and considered that the two cone method was 
the more consistent one. However, he noted that both of these methods may be 
inappropriate to measure the PL of Bentonitic soils. Furthermore, the cone can 
not accurately measure to 2 mm. Harison (1990) suggested that a value of no 
less than 5 mm should be used coupled with extrapolation to 2 mm. 
Clearly, no standard method has yet been devised to accurately and reliably 
determine the PL, particularly at elevated temperature. Thus for the purposes of 
this study, only the LL will be evaluated at elevated temperatures, and this is 
discussed below. 
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5.2.2 Activity 
The term Activity was introduced into geotechnical nomenclature by Skempton 
in the 1940s (Skempton 1953). This was introduced as a quick, cheap but 
effective method of characterising mineralogy and other physico-chemical 
characteristics that determine a clay's properties. Activity is defined by the ratio 
of PI to clay fraction (CF). Skempton (1953) found that plots of PI versus CF 
resulted in straight lines which extrapolated back to the origin. He further 
considered that Activity had an advantage over the Atterberg Limits, because he 
thought that they were, "not wholly sufficient" to qualitatively measure 
composite effects. 
Mitchell (1976) later indicated that Activity could be useful to show the 
susceptibility of clays to cation and pore fluid changes. Furthermore, as the 
colloidal size fraction increased so the Activity increased, reflecting this change. 
However, several problems have occurred with the use of Activity. Seed et al 
(1964a) found that samples of illite and illite - bentonite (up to 15 %) mixtures 
had similar values of Activity, even though bentonite itself has a considerably 
higher value than illite. Furthermore, plots of PI versus CF for different 
artificial soil mixtures were linear but with an intercept on the CF axis. This led 
Seed et al (1964a) to suggest that Activity should be redefined in terms of 
changes in PI for a corresponding change in CF. 
Later Davis (1966,1968) and Chandler et al (1968) found difficulties when 
Activity was used to assess a natural mudrock, Keuper Marl. Their studies 
showed that the Activity of one sample varied greatly depending on the 
pretreatment used before the PI and CF were determined. Any changes in 
Activity were previously considered to indicate changes in mineralogy. 
However, this was found not to be the case, with 80 % of the samples 
examined having very similar mineral suites. These researchers attributed this 
to aggregation of the clay into silt sized units, which could not be easily broken 
down into discrete particles. A similar problem associated with CF 
determination has already been discussed in Chapter 4 (see Section 4.3.4). 
Overall, it is felt by the author that although Activity can give an indication of 
mineralogical / compositional effects, care must be exercised with its use 
especially when the accuracy of the CF determination is taken into account. 
Considering the ease with which the Atterberg Limits can be determined, it is 
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more likely that they are better suited to qualitative prediction than Activity. 
Any changes in mineralogy or physico-chemical nature will be highlighted by 
changes in the Atterberg Limits, particularly the Liquid Limit. This has been 
shown by many past researchers (Mitchell 1976). 
5.3 EXPERIMENTAL PROCEDURES 
5.3.1 Aims and Objectives 
The aims and objectives of this particular investigation were to: 
1. evaluate the effect of temperature on the LL of clay soil, 
2. to indicate which clay type is most affected by temperature, and 
3. to investigate the effect of storage time on the LL of clays. 
5.3.2 Materials and apparatus 
Details of the clay samples used, together with their compositional data, are 
given in Chapter 4 and Table 4.2. All samples were stored in bags from which 
representative specimens could be taken, ensuring a single source throughout. 
This reduced the chance of sample variation, particularly with the mudrocks. 
Unfortunately in the case of London and Oxford clay, the sample size was 
limited, which would have required reuse of the clay (i. e. oven drying). 
However, this was not carried out because, as can be seen in Table 4.2, the LL 
of these clays changed on reuse. Thus this would have introduced an 
unknown, undesirable factor. 
The remaining samples were first crushed as required and sieved through a 425 
micron sieve, after having been oven-dried for 24 hours. A further three 
samples, consisting of Wyoming Bentonite - English China Clay (WB : ECC) 
mixtures of different proportions relative to their dry weights (i. e. 1: 3,1: 1 and 
3: 1) respectively, were used. The details of their compositional nature are 
shown in Table 4.2. 
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The apparatus used throughout was the cone penetrometer (BS 1377: 1990 Part 
2). Throughout this programme care was taken to ensure the cleanliness of the 
cone prior to each test being performed. The cone's point and surface were also 
checked regularly. Houlsby (1982) pointed out that significant errors can be 
induced both by surface roughness (particularly) and blunting of the cone's 
point. The dial gauges and mechanisms were also calibrated and checked 
throughout (in accordance with BS 1377 : 1990 Part 1). The temperature was 
measured directly during each test by a portable thermocouple thermometer 
(accuracy ± 0.5 OC). This allowed measurements to be taken for each test 
specimen at close proximity to the cone. 
5.3.3 Liquid Limit tests 
Each of the specimens tested was prepared as described above, and were then 
mixed with de-aired distilled water to a paste consistency. It proved necessary 
to store Wyoming Bentonite and WB: ECC mixtures for 24 hours to ensure full 
water adsorption (Grim 1968). For the other specimens it proved only 
necessary to mix for 10 to 15 minutes. Grim (1968) illustrated that full water 
adsorption with most other clays would be achieved within 1 or 2 minutes. 
Once mixed, specimens of different moisture contents were placed into cups 
normally used for LL determination. They were then sealed in 3 plastic bags, 
and all specimens were then placed into another sealed plastic bag before being 
stored in an environmental cabinet at the required temperature. These bags 
ensured that moisture loss was kept to a minimum. After a period of 24 hours 
the specimens were individually removed and one penetration per cup recorded. 
This was conducted as quickly as possible, again to ensure that the temperature 
losses were minimal. After this a small specimen was taken and the moisture 
content determined. A minimum of 15 specimens were tested for each clay and 
temperature, giving a range of penetrations between 14 and approximately 25 
mm (Harison 1988). For any penetrations recorded below 14 mm, the 
specimens were rejected and the tests repeated. This method allowed a range of 
temperatures of 10, approximately 21 (room), 40,60 and 800C to be used. The 
results were analysed statistically before the LL values, ie the water contents 
corresponding to a penetration of 20 mm, were determined. 
The maximum variation in temperature during testing was observed to be + 
1.50C and thus is deemed to be insignificant, especially when reference to 
previous work is made (see Chapter 3). 
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5.3.4 Comparative Study 
A study was carried out to compare the previous test results to those carried out 
in accordance with BS 1377 : 1990 Part 2 at different temperatures. Samples of 
English China Clay, Wyoming Bentonite, Keuper Marl and Lower Lias Clay 
were tested using the cone penetrometer apparatus. Testing was conducted in 
an environmental room set at its maximum operating temperature 
(corresponding to a soil temperature of approximately 320C) and elsewhere in 
the laboratory in winter to achieve temperatures of 15 to 18°C. All equipment, 
distilled water and specimens were first acclimatised for at least 24 hours at the 
required temperature prior to testing. The LL was determined twice per sample 
to check the consistency of the results. Again statistical analysis was performed 
on the data. The temperature variation was larger than with the other tests (see 
Section 5.3.3), although still only ± 2°C. 
5.3.5 Liquid Limit and time of storage 
A further study was performed to examine the possible effects of time of 
storage. These tests were conducted in exactly the same way as described in 
Section 5.3.3 with the exception that the sealed bags were stored under normal 
laboratory conditions for a period of 24 and 72 hours. Only Wyoming 
Bentonite, WB: ECC mixtures and Lower Lias Clay samples were tested, based 
on observations made on their results from the tests described in Section 5.3.3. 
All other clays showed only very small changes due to a storage time of 24 
hours. As before the temperature variation was small, this being only ± 20C 
through the programme. Again statistical tests were conducted on the data. 
5.4 EXPERIMENTAL ERRORS 
The main errors with the cone penetrometer have already been discussed (see Section 
5.3.2) and these were kept to a minimum. Further errors have been detailed by Wroth 
and Wood (1978) and Houlsby (1982) and include dynamic effects and soil heave as 
the cone penetrates the specimen. This will result in a viscous and an inertia component 
of resistance which will vary with depth of penetration and is discussed further in 
Chapter 9 (see Section 9.3). Additional variations were observed with the Lower Lias 
Clay specimens, even though the sample was taken from the same location at the same 
depth and this is also discussed in Chapter 9 (see Section 9.3.1). Other errors include 
evaporation at high elevated temperatures. This was particularly noticeable at 800C 
and, to a lesser degree, at 60°C. To reduce evaporation the test was conducted as 
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quickly as possible. Even so it was likely that the moisture content was 
underestimated, and thus the penetration effectively overestimated. The overall effect 
was to underestimate the LL at 800C and to a small degree at 600C. No noticeable 
effect was observed at 400C and below. A further minor error may have been 
introduced as the bags were removed. This process slightly disturbed the surface of the 
clay specimens, although only the first 0.5 to 1 mm depth was disturbed and thus, for 
the penetration measured (20 mm), it is likely not to be significant. 
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CHAPTER 6 
VANE SHEAR TESTS : EXPERIMENTAL METHODS 
6.1 INTRODUCTION 
This chapter discusses the methods employed to investigate the vane shear strength of 
the English China Clay and Keuper Marl, details of which are given in Chapter 4. A 
need for study in this area was highlighted in Chapter 3 (see Section 3.9 and 3.12) due 
to the lack of work that previously had been conducted in this area. Below a brief 
literature review pertinent to this study is made, followed by a description of the 
equipment and methodology used. 
6.2 LITERATURE REVIEW 
6.2.1 Introduction 
A two-bladed vane borer was first introduced over sixty years ago by John 
Olsson (Menzies and Merrifield 1980). The vane shear device was developed 
independently in Sweden and Germany during the late 1920s and was first used 
seriously in Sweden in the 1940s (Arman et al 1975). Since then the vane test 
has been used extensively to measure undrained shear strength of soft saturated 
clays during site investigations. The vane has the attraction of being a rapid and 
simple test, which can be used on difficult sites and has been used particularly 
where sampling problems occur (Vickers 1983). Thus the shear vane is still 
considered to be a valuable site tool for undrained strength measurements 
(Kirkpatrick and Khan 1981; Pilot 1982). The vane test has in the past even 
been suggested as a method of liquid and plastic limit determination (Darienzo 
and Vey 1955). However, the vane test has been the subject of much critical 
appraisal (Flaate 1966; Bjerrum 1973, Arman et al 1975; Donald et al 1977 
and others). 
Overall the principle of operation is simple. A torque is applied to an 
orthogonal, four-bladed vane which has been previously inserted into the soil. 
The torque at failure is measured and related to the strength of the soil. It is 
commonly assumed that rectangular vanes on circumscribing a cylinder, 
mobilize isotropic undrained shear strengths uniformly when maximum torque 
applied. However, analysis of these strengths involves appreciable 
assumptions in order to interpret results. The mechanisms involved are 
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complex and may not be unique for all soils due to the result's sensitivity to 
anisotropy, test rate and vane size (Kirkpatrick and Khan 1981,1984; Pilot 
1982). It must be further assumed that insertion of vanes causes no disturbance 
to the soil, no progressive failure occurs and that the vane measures undrained 
shear strength. 
Questions have been raised concerning the accuracy of the vane test. The main 
sources of error are discussed below and include: different vane geometry, rate 
of rotation, stress distribution/failure mechanisms and soil anisotropy. These 
have led to disparity between strengths measured by vanes and those mobilized 
in the field (Aas 1965; Bjerrum 1973; Menzies and Merrifield 1980; Pilot 
1982). 
6.2.2 Vane size and anisotropy 
The effect of vane size was indicated by Darienzo and Vey (1955), who found 
that a larger vane gave the lowest shear strength. This was attributed to greater 
disturbance caused by frictional effects as the vane was inserted. 
Unfortunately, the vane's top edges were flush with the soil's surface in this 
investigation, thus the results could be subject to surface irregularities. Flaate 
(1966) made a similar observation and suggested that the actual dimensions of 
the vanes should not vary too much if consistent data are to be obtained. 
Aas (1965) used different vane sizes to assess soil anisotropy, based on a 
graphical interpretation. This considered separately the two components of 
shear resistance corresponding to the vertical and horizontal planes. He 
observed a variable ratio between the two shear stresses, which he equated to 
the anisotropy ratio. He further noted that for a vane height to diameter ratio 
greater than 3, the results obtained were unreliable. Wiesel (1973) and Donald 
et al (1977) observed inconsistencies with this analysis when applied to 
different soils. Wiesel (1973) proposed a similar graphical technique, although 
this method did not rely on the horizontal and vertical stresses reaching their 
peaks simultaneously. Donald et al (1977) later reviewed several anisotropy 
analysis techniques. They noted for conventional analysis (described above) 
that small vanes gave larger strengths than larger vanes, although this effect was 
related to soil type. They attributed these differences to scale effects and soil 
structural aspects. They further noted that the stress distribution varied for 
differently sized vanes (discussed below). Kirkpatrick and Khan (1981) 
considered that anisotropy effects would have a variable influence depending on 
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the vane's proportions. Arman et al (1975) cited work which considered that as 
long as the vanes were of the same proportions, size had no effects. They 
further observed that due to the scatter achieved in field results with different 
vanes, that size and shape differences were insignificant. However, this scatter 
could be related to a rate effect and hence size. 
6.2.3 Rate effects 
The effect of rate has been investigated by numerous authors including Aas 
(1965), Wiesel (1973), Bjerrum (1973), Perlow and Richards (1977), Hight 
(1983), Kirkpatrick and Khan (1981,1984), and Sharifounnasab and Ullrich 
(1985). It was generally observed that an increase in the applied rotation rate 
increased the vane shear strength measured. Perlow and Richards (1977) 
analysed these effects in terms of angular velocities at the outer edge of the 
blades. This they showed was a function of rotation rate and vane size, which 
thus determines the shearing rate at failure and could explain the differences 
observed between field and laboratory vanes. Sample disturbance had a more 
significant effect, this reducing any rate effects observed and implying that these 
effects are related to soil sensitivity. Perlow and Richards (1977) used their 
studies to produce a calibration curve enabling field and laboratory vanes of 
various sizes to be tested at a standard rate. Based on this and rates used by 
other organisations, e. g. the US Navy's Civil Engineering laboratories, Perlow 
and Richards (1977) recommended a rotation rate of about 80 degree per minute 
for normal laboratory vanes (diameter = 12.7mm). Rates significantly lower 
than this, they suggested, would result in low angular velocities and partial 
drainage may occur. Later Sharifounnasab and Ullrich (1985) made the same 
observation, suggesting that this rate was necessary to ensure an undrained 
condition with the laboratory vane test. Using reconstituted samples of a 
kaolinite and high plasticity Pierre Shale they measured the average rate of 
shear, corresponding to the angle rotated divided the time taken when failure 
occurred. They found that for reconstituted kaolinite that a rate reversal effect 
occurred, ie a rate increase caused the strength measured to reduce, a finding 
that was contrary to what was expected. They attributed this to dissipation of 
pore water pressure caused by partial drainage at the slower rates. However, 
care has to be taken when using average shear rates, because they can be 
misleading and yield no information about the actual mode of failure. 
Hight (1983) observed for reconstituted Lower Cromer Till, that the rate had 
little dependence on the overconsolidation ratio of the soil. Furthermore, 
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remoulded soils showed no rate reversal effect. Kirkpatrick and Khan (1981, 
1984) noted that even though a constant rate may be applied, the vanes rotate at 
a varying rate during the shearing process. This depends on the stiffness of the 
spring used to transfer the torque to the soil and that of the soil itself. Thus the 
test is not strain-controlled nor are shear rates constant. Furthermore, their 
observations made on reconstituted kaolinite and illite did not indicate a strong 
preference for using a normalised standard rate, as proposed by Perlow and 
Richards (1977). In fact using these standard rates may overestimate the in situ 
strength of kaolinites, although a better correlation would occur for illite. Thus 
this effect must be related to soil type as well. 
Kirkpatrick and Khan (1981,1984) further observed that a rate of rotation of 3 
to 8 degrees per minute gave a good approximation to triaxial tests, though 
strengths measured were rate sensitive. Hight (1983), however, suggested that 
a rate of 30 degrees per minute would give a reasonable approximation to 
triaxial results. Thus it seems uncertain which rate is most applicable. It 
appears that a variety of rates is required depending upon the soil being tested. 
The actual rate of shear will vary throughout the process, making the 
assessment of shear rate almost impossible. When comparing vane strength 
with triaxial strength, these factors must be considered. In the past conversion 
factors to relate the two tests have been proposed (Bjerrum 1973). However, 
these have met with a limited degree of success due to appreciable scatter in the 
results obtained (Kirkpatrick and Khan 1981,1984). 
6.2.4 Stress distributions 
The complex nature of stress distribution has also been examined by many 
authors. Gray (1957) concluded that the variation of shear along the vane's top 
and bottom edges was less significant than natural soil variation with in situ 
vane tests. Darienzo and Vey (1955) considered that disturbances caused by 
vane insertion would have a greater impact on the results from smaller vanes. 
Aas (1965) considered that even though the stress distribution was not uniform, 
the effects were minimal as long as the vanes were of similar geometry. Flaate 
(1966) suggested that progressive failure was initiated at the ends of the vanes, 
where high stress concentrations occurred. Later Arman et al (1975) used 
radiographic pictures to examine failure surfaces. They noticed that although 
the failure surface followed the boundary of the blades, a thin partially sheared 
or reoriented zone existed depending on the soil's cohesion. However, no 
correlation was found with any parameters that controlled this, suggesting that a 
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range of factors was involved including particle size and shape. They 
concluded that only minor errors would be introduced by using the blade's 
dimensions and the failure plane. 
Donald et al (1977) gave a good assessment of stress distributions around 
vanes. They used finite element analysis, assuming rigid vanes and elastic soil 
behaviour. They noted that previously uniform, triangular, parabolic and 
empirically correlated end distributions had been used. However, assuming 
uniform stresses can cause an underestimation of horizontal and vertical 
stresses, due to peak values being reached at the corners first. From their finite 
element analysis they observed that the overall distribution was parabolic with 
peak stresses occurring at the blade's corners. These effects were more 
significant with vanes of lower height to diameter ratios, smaller vanes 
exhibiting a more plastic distribution and larger vanes an elastic one. Overall 
these effects seem to vary with soil type and so this could account for the 
discrepancies in the literature. Donald et al (1977) did observe that for 
remoulded soils only a slight work softening occurred and thus conventional 
analysis can be used confidently, although progressive failure was more 
significant with brittle soils. Donald et al (1977) concluded that there was a 
need for a better understanding of the stress distributions associated with vanes, 
although they questioned whether the increased complication involved was 
justified. Furthermore, no universally correct method of analysis for the vane 
test exists. 
Similar stress distributions were observed by Menzies and Merrifield (1980), 
who also considered that most of the resistance occurred at the edges. This they 
confirmed with radiographic pictures. Hight (1983) suggested that progressive 
failure was more important with sensitive clays. Furthermore, with uniform 
analysis most of the resistance was achieved from the vertical surfaces. This 
will be particularly important when comparing vanes of different heights. He 
further showed that estimation of strength varied with moisture content. At low 
moisture contents a gap developed between the vane and the failure surface, 
particularly with remoulded soils, and thus the vane underestimates strength. In 
contrast, at high moisture contents significant viscous effects occurred and thus 
the vane overestimates strengths. 
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6.2.5 Discussion 
Despite the limitations discussed above the vane is still a useful tool for site 
investigations, particularly in offshore conditions and other sites where 
sampling is difficult and expensive. Taking samples to be tested in the 
laboratory can result in losses in strength due to stress relief and so introduce 
errors which may be significant (Kirkpatrick and Khan 1981,1984). This also 
varies with soil type, and hence mineralogy. Clearly, then, testing in situ is 
preferable. 
The importance of assessing temperature effects in offshore deposits was 
highlighted by Houston et al (1985, see also Chapter 3) due to the possibilities 
of use of these deposits for radioactive waste depositories. Therefore, it is 
considered that assessment of the vane test at temperature is required if 
correlation between offshore vane data and temperature effects are to be 
assessed. Moreover, the vane test is quick, easy and can be replicated with 
acceptable variations (Arman et al 1975, Perlow and Richards 1977). Thus, the 
advantages of being able to investigate temperature effects rapidly, using many 
more tests, is deemed greater than the disadvantage caused by its oversimplified 
analysis. This is especially true in a comparative study such as this. 
Furthermore, conventional analysis will be used due to the overcomplicating 
effects of other types of analysis, which may or may not improve the results 
obtained. 
6.3 EXPERIMENTAL PROCEDURES 
6.3.1 Aims and Objectives 
The overall aims and objectives of this section of the investigation were as 
follows: 
1. to examine the vane shear behaviour of clays using 3 vanes of 
different proportions and testing between the liquid and plastic limits, 
2. to investigate the effects of thermal load history on the vane shear 
strength of clays, and 
3. to compare the behaviour of different clays over a range of 
temperatures and moisture contents. 
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Some of the advantages and disadvantages of the vane test in the context of this 
study have already been highlighted (see Section 6.2.1). Other advantages are 
that very little calibration, particularly for thermal effects, is required, specimen 
control is relatively straightforward and the test is simple. Overall it is 
considered that the advantages outweighed the disadvantages (see Section 
6.2.1). Although the reliability of quantitative data can be questioned, 
qualitative comparisons are still possible, especially if a clay's compositional 
data (Chapter 4) and the test limitations are appreciated. 
Unfortunately, as was briefly mentioned in Section 6.1, only two clay samples 
could be tested in this programme. Both English China Clay and Keuper Marl 
were used, and the consistency of each batch was checked regularly using the 
Atterberg limits. No variations were observed throughout this programme, so it 
was concluded that all of the samples used were consistent in their 
compositional nature. The other clay samples were not used, partly because not 
enough material was available without reuse and partly because time was not 
available to achieve the range of test data required. This related to the time 
required to fully consolidate each specimen (see Section 6.3.8). It is worth 
noting that to consolidate Wyoming Bentonite would have taken a period of 
several months, thus severely limiting the range of data that could be obtained. 
The effects of thermal history were investigated using three consolidation 
temperatures (Tc) of 25,40 and 550C and a range of shear temperatures (Ti) of 
10,25,30,40,50 an d 600C for English China Clay and 10,25 and 600C for 
Keuper Marl. This allowed the effects of both Tt greater than Tc, and Tc greater 
than Tt to be investigated and comparisons made. 
6.3.2 Apparatus used : Shear device 
The vane tests were conducted using a modified Wykeham Farrance laboratory 
vane shear, illustrated in Plate 6.1. This test was similar to that specified in 
BS 1377 : 1990 Part 7 Clause 3. The torque was supplied to the vanes by a 
motor acting through a pulley system (shown in Plate 6.1) via a worm and 
pinion drive and one of four springs (see Section 6.3.3). Originally the drive 
pulley (left hand side on Plate 6.1) was of a much smaller diameter, producing 
an average applied torque rate of 9.5 degrees per minute. This was determined 
with 8 measurements over a variety of times under free conditions (no soil 
present). However, trial tests at this rate indicated that a period of 20 to 30 
minutes would be required to fail a specimen for just a single vane test. Thus 
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using four tests per specimen (BS 1377: 1990 Part 7 Clause 3) would require a 
period of up to 2 hours to complete. This was deemed to be too great a time 
span, particularly as the specimens were to be tested at elevated temperatures of 
up to 600C (see Section 6.3.1). If this rate was to be used, it would result in 
excessive thermal losses, producing a range of temperatures during each test. 
Furthermore, the test may no longer have been a fully undrained test due to 
partial drainage, particularly with kaolinitic clays (see Section 6.2). 
Previous undergraduate studies on these clays at Loughborough University had 
indicated that a rate of 180 degrees per minute would yield the desired failure 
times of 2 to 8 minutes, this depending on moisture content and clay type. To 
achieve this it was necessary to increase the diameter of the drive pulley to that 
illustrated in Plate 6.1. To ensure slippage of the drive belt was avoided a roller 
was placed between the two pulleys to increase the belt's contact with the 
second pulley. Using this system rates between 184 and 187 degrees per 
minute occurred for all four springs (detailed in Section 6.3.3) used, again 
determined under free conditions. Perlow and Richards (1977) indicated that 
the variation in rates found with this device would have no significant effect on 
the strengths measured. 
6.3.3 Apparatus used : torsion springs 
Four calibrated open coil torsion springs were used. These springs allowed the 
corresponding applied torque to be calculated for a given rotation angle, and 
thus shear strength to be determined (see Section 6.3.9). With this range of 
springs a range of strengths can be measured corresponding to similar failure 
times and thus the strain rates were not dissimilar throughout. Nevertheless, 
the rate of strain during the test is not properly controlled (see Section 6.2). 
Furthermore, to reduce errors in measurements the weakest springs were 
always used, this giving the largest possible failure angle and hence reducing 
the significance of reading errors. 
6.3.4 Apparatus used : vanes 
The vanes used were in a four-bladed cruciform of different height to diameter 
ratios (see Table 6.1 and Plate 6.2). Three vanes in all were used, each made of 
chromium-plated steel. A cutting edge was provided and the blades were made 
as thin as possible, to keep disturbance and remoulding effects to a minimum. 
From Table 6.1 it can be seen that all three vanes used had an area ratio of less 
158 
than 15%, as required by BS 1377: 1990 Part 7 Clause 3. In fact both vanes 2 
and 3 had very similar area ratios, implying that the degree of disturbance from 
them should be similar. 
All three vanes were of the same diameter, thus the failure rates should be the 
same, the only differences being related to variation in motor speed. Due to 
their size and the desire to achieve the smallest possible area ratio, the vanes 
were susceptible to breakage. This did occur twice throughout this programme 
and thus replacements were used. Their geometrical data are also given in Table 
6.1 and again full compliance with BS 1377: 1990 Part 7 Clause 3 was 
achieved. 
6.3.5 Temperature Monitoring 
Monitoring of temperature was conducted in two ways, depending on the stage 
of testing being examined. During the consolidation phase, six thermocouples 
were placed throughout the environmental cabinet (detailed in Section 6.3.7) in 
the vicinity of the consolidating cells (see Section 6.3.8). After consolidation 
was complete a portable thermocouple was used to monitor the temperature 
directly. Overall the temperature varied only by ± 2.5°C throughout the 
consolidation phase. The temperature after consolidation was complete varied 
by ± 1. OOC per set and by ± 2. O°C between batches, and agreed well with those 
measured during the consolidation phase. 
The temperature during the shearing phase was measured using the portable 
thermocouple thermometer. This enabled the temperature of the soil to be 
directly monitored throughout the duration of the test. The maximum variations 
in temperature were ± 2.00C overall, and + 1.00C per test. Considering these 
variations in temperature and referring to previous work discussed in Chapter 3, 
it was considered that they would have no significant effects on the results 
obtained. 
6.3.6 Sample preparation 
In order to achieve a uniform, homogeneous and repeatable sample both clays 
were reconstituted from a dry powder to a slurry paste consistency. This 
enabled the stress history, and hence the final moisture contents, to be fully 
controlled. Samples were mixed to the required consistency for one hour, at 
120% moisture content for English China Clay and 38% for Keuper Marl. This 
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ensured a homogeneous workable paste. The time period for mixing was kept 
constant because previous work had indicated that strength gain varied during 
the first hour or so of mixing, particularly with Keuper Marl (Davis 1966; 
Highter 1969). Once mixed, the slurry paste was placed into the consolidating 
cells illustrated in Plate 6.4. Prior to this, silicon grease had liberally been 
applied to the inside walls of the cells to reduce both friction during 
consolidation and disturbances during extrusion (see Section 6.3.8). The base 
and load platen (Plate 6.3) were first flushed with distilled water and soaked for 
up to 2 hours. Filter paper was placed between these and the soil specimen to 
prevent clogging. After the bases had been connected to the cells, the slurry 
paste was placed into the cells, which were then vibrated for around two 
minutes to release any trapped air. The load platen was then added, the sides of 
which had also been greased together with their rubber 'cup' rings (shown in 
Plate 6.3). The drainage tubes were then connected to the base and load platen. 
Seven cells in all were prepared and these were then placed into the environment 
cabinet for 24 hours prior to consolidation taking place. This allowed the 
internal temperatures to stabilise, any fluctuations to be monitored and samples 
to be fully acclimatised to the required consolidation temperature. 
6.3.7 Environmental Cabinet 
To enable the temperature of consolidation to be controlled, it was necessary to 
build an insulated cabinet around the consolidation apparatus, as shown in Plate 
6.5. The cabinet consisted of a timber frame with 50mm of polystyrene 
insulation around its entire perimeter. The heat was supplied by three domestic 
light bulbs of different power ratings, depending upon the temperatures 
required. Originally an electronic thermostat was used to control the internal 
temperature. However, associated with this control was an unacceptable range 
of temperatures. For example when set at 400C a range of 37.4 to 47.9°C was 
recorded, even after a fan was introduced to circulate air and hence even out the 
temperature distributions. It was found that calculation of the required heat 
output, based on the thermal conductivity of the insulation and recorded room 
ambient temperatures, enabled a much tighter control be achieved. The overall 
variations are discussed in Section 6.3.5. The various power outputs required 
were achieved by using a variety of light bulbs. Thus a range of consolidating 
temperatures under different ambient conditions could be achieved. 
The consolidation pressure was provided by seven pneumatic cylinders, 
illustrated in Plate 6.5. The range of temperatures used were well within their 
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specific operating temperature. A metal truss was constructed enabling 
consolidation to take place within the maximum stroke length of the cylinders. 
The pressure used was controlled by pressure regulators gauged between 0 and 
10 bar. 
6.3.8 Consolidation 
To determine the consolidation pressure needed to achieve the range of moisture 
contents required, reference was first made to oedometer tests that had 
previously been conducted on these clays (Chapters 8 and 10). Based on these 
results and an estimation of the specimens' initial properties, a range of 
pressures was determined. Trial tests were conducted to confirm this and 
adjustments were made as necessary. Once confirmed, these pressures were 
used throughout with no further adjustment. 
It took 3 days to achieve full consolidation of English China Clay and 12 days 
for Keuper Marl. This initially was estimated based on oedometer results 
(discussed above) and monitored by measuring the moisture content at the top, 
middle and bottom of each specimen once it was thought that consolidation had 
been completed. Trials were again conducted to validate these times. If, 
however, the variation in moisture contents was greater than 2% throughout the 
specimens, the specimen in question was rejected and consolidation was 
repeated as necessary. Overall, however, it was found that the moisture content 
did not vary outside these limits and in fact the variations followed an erratic 
trend when related to position, these variations generally being attributed to 
localised effects. 
Once consolidation was complete, the material was transferred from the cells 
to the pre-greased U100 tubes (diameter = 100mm, height = 100mm) illustrated 
in Plates 6.4 and 6.6. Extrusion from the cells proved easy, indicating that 
friction on the side walls during consolidation was minimal. The extrusion 
technique is illustrated in Plate 6.4, the specimens being struck off with pallet 
knives once the tube was full. The only disturbance during this process 
resulted from the size differential of the cells to the tubes, the tubes being 
slightly smaller in diameter. Care was taken to keep this disturbance to a 
minimum, although, considering the location of the vane test (see Section 
6.3.9), these effects were considered to be insignificant. Once the specimens 
had been placed into the U100 tubes, they were then individually sealed with 
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three plastic bags and then all of the samples were placed into two larger bags. 
Two U100 specimens were taken per consolidating cell, this enabling all 3 
vanes to be used (see Section 6.3.4). They were then stored for at least 24 
hours at the required test temperature in a Fisons environmental cabinet prior to 
testing. Temperature monitoring during the consolidation phase has already 
been discussed above (see Section 6.3.5). 
6.3.9 Vane Shear Tests 
The vane shear tests were conducted in accordance with BS 1377 : 1990 Part 7 
Clause 3 using four vane tests per specimen. However, a penetration depth of 
only twice the diameter (25mm) was used instead of the specified four times the 
diameter. This enabled both the top and the bottom of the U100 specimens to 
be used, thus data could be collected for all 3 vanes for each consolidated 
specimen. Kirkpatrick and Khan (1981,1984) also used this penetration depth 
and achieved satisfactory results, thus the technique was deemed valid. 
The vanes were inserted slowly at a continuous rate using exactly the same 
procedure each time to reduce still further any variations possible (Flaate 1966). 
After each shearing was completed, ie when the maximum rotation angle had 
been reached, the vanes were cleaned, again to minimize disturbance effects, 
and the test repeated in a new location. Once a total of four shear tests had been 
completed the moisture contents from three places on the same horizon were 
determined, and thus an overall average value was obtained. This procedure 
was repeated for the other two vanes and all of the remaining specimens. The 
four maximum rotation angles at failure recorded for each specimen were then 
averaged and the corresponding applied torque calculated, by making reference 
to the appropriate calibration chart for the spring used. From this the vane shear 
strengths were determined for each specimen, in accordance with BS 1377 : 
1990 Part 7 Clause 3. This produced seven strength measurements over a 
range of moisture contents between the LL and PL per test and consolidation 
temperature. 
Overall the test can be considered to be a consolidated undrained test, thus 
enabling comparisons at a variety of moisture contents for different thermal 
histories. These results were subjected to statistical analysis, details of which 
are given in Appendices B and C. 
162 
6.4 EXPERIMENTAL ERRORS 
Many of the different sources of error in strength evaluation have been discussed in 
Section 6.2. A good review of such errors has previously been given by Flaate (1966), 
Arman et al (1975), and Donald et al (1977). Kirkpatrick and Khan (1981,1984) cited 
work which indicated that samples of kaolinite consolidated as described above 
(Section 6.3.8) were virtually isotropic with regard to strength. Furthermore, illitic 
samples were only slightly anisotropic in their shear nature. This would imply that 
both clays used in this study may well be isotropic in terms of strength measurements, 
based on their compositional data (Chapter 4). Thus one of the vane shear assumptions 
may be valid in this case (Section 6.2). Bjerrum (1973) further indicated this when he 
examined samples in direct shear tests cut at a wide range of orientations. He found 
that the ratio of horizontal to vertical strengths were in all cases close to one. Mitchell 
(1976) considered that differences would occur in horizontal and vertical undrained 
strength, due to differences in pore pressure development. This must be controlled by 
the nature of the material and hence the particle shape/orientation. Thus it may be that 
this effect is more significant with kaolinite due to its platy particle nature (Chapter 4). 
Overall, however, as this study is mostly a comparative one, evaluation based on 
conventional analysis yielding average shear strength is considered valid. 
Other errors will be incurred due to vane insertion, which will increase as the area ratio 
increases (see Section 6.3.4), this resulting in increased disturbance. This effect will 
also be related to vane height and soil plasticity. Thus vane 3 in English China Clay is 
expected to show the greatest effect. Some friction on the rod's side will also be 
present, but is considered minimal. 
Variations in stress distribution may well occur, but are not readily quantifiable. This is 
largely because they vary with soil type, stress history and moisture content. 
Variations in moisture content are particularly pertinent to this study, and have been 
highlighted by Hight (1983, see also Section 6.2). It is considered that these variations 
in strength estimates at different moisture contents will gradually change from 
overestimation at high moisture contents (below the LL), to underestimates at low 
moisture contents (around PL). Thus, when the results are plotted on a semi- 
logarithmic scale the gradients could possibly be steeper than those actually measured 
(see Chapter 9, Section 9.4). This effect may well be influenced by temperature, 
though only to a small degree. 
Progressive failure may also occur at low moisture contents (around PL) especially 
with English China Clay. This was indicated by the sudden and brittle failure that 
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occurred, regardless of consolidation and test temperature used. However, as was 
previously mentioned (Section 6.2), this would be less significant in low sensitivity 
clays. Again, analysis of these effects is difficult, although it is expected to result in an 
underestimation of strength. 
The effects of rate variations have previously been discussed in Section 6.2.3. The test 
failure times were similar, ie between 2 and 8 minutes, therefore it is expected that these 
effects are minimal, especially when considering that the three vanes used were of the 
same diameter (see Table 6.1). 
It is, therefore, concluded that, considering the effort needed to accurately determine all 
of these errors for all cases used in this study, it would be impractical to do and lies 
beyond the scope of this work. Thus unless significant differences in behaviour occur 
when comparisons are made, the (small) variation in the trends of results can be 
attributed to a combination of these errors if consistent with the discussion above. 
Further errors are incurred due to measurement inaccuracies. With moisture contents 
the error due to a sampling size of 50 to 80g is considered to be + 0.2%. However, 
this effect will be consistent throughout regardless of actual moisture content measured. 
Errors are also present due to strength determinations, which rely on accurate 
measurements of the failure angles. It was found that, at worst, the values could be 
measured within a range of ± 1.5 degrees. However, this tended to reduce to +1 
degree at lower moisture contents. Table 6.2 shows the corresponding evaluation of 
these errors in terms of strength. It should be noted that although the largest absolute 
error occurred with spring 4, the greatest error in percentage terms occurred with spring 
1 due to the low strength range this spring is used to measure. Thus at high moisture 
contents (below the LL) the strength measurement errors are between + 10 to 14%, 
which can be considered to be the maximum measurement error. However, most of the 
measurements are made at much lower moisture contents (ie higher strengths), and thus 
this error is much reduced. At the other extreme (around the PL) measurement errors 
correspond to ± 3%. 
Temperature cycling effects may have been incurred unavoidably during the extrusion 
phase. This is particularly prevalent with the high Tc (= 55°C) and high Tr (= 600C) 
test combination. However, the maximum time to extrude specimens was 10 minutes 
with practice. Thus considering the low thermal conductivity of soil (Mitchell 1991) 
this was deemed insignificant, and thus unlikely to affect the clay's strength behaviour. 
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Table 6.1 Vane Geometrical Data 
Vane Average Average K Blade Rod Area 
(proportions) Diametera Heighta Thicknessa Thicknessa Ratio 
mm mm mm3 mm mm % 
1 12.70 12.75 4302.79 0.34 3.15 5.2 
(1: 1)c 
2 12.73 18.9 5886.13 0.38 3.01 11.4 
(1: 1.5)c 
3 12.60 25.25 7344.23 0.40 3.08 12.1 
(1 : 2)c 
New vanes 12.83 12.88 4436.15 0.38 3.18 11.8 
1 
(1: 1)c b 
2 12.68 19.55 6004.95 0.46 3.10 12.9 
(1 1.5)c b 
Notes: 
a= average of four readings 
b= replaced due to breakage 
c= diameter to height ratios 
Table 6.2 Reading error : vane shear 
Vane Spring 1 Spring 2 Spring 3 Spring 4 
1 +0.34 +0.77 + 1.08 + 1.71 
2 +0.20 +0.56 +0.79 + 1.25 
3 +0.17 +0.45 +0.64 + 1.00 
Note: All values are in kPa, and correspond to a reading error of ± 1.5 degrees. 
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Plate 6.1 Modified laboratory vane shear device 
Plate 6.2 Shear vanes 
166 
, mss; - __ 
ýY 
ý- . 
.: 
.ý 
r 
ik' 
ý. 
ý- 
"ý ýº r 
ý4 
14' 
Plate 6.3 Base plate and load platen consolidation cells 
2, 
' 
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CHAPTER 7 
RESIDUAL SHEAR STRENGTH TESTS : EXPERIMENTAL METHOD 
7.1 INTRODUCTION 
This chapter discusses the methods employed to investigate the residual shear strength 
behaviour of English China Clay, Lower Lias Clay and London Clay detailed in 
Chapter 4. A need for study was illustrated in Chapter 3 (see Section 3.12) due to the 
lack of work that had previously been carried out, particularly with ring shear devices. 
First a brief literature review pertinent to this study is made, followed with a description 
of the equipment and methodology used. 
7.2 LITERATURE REVIEW 
7.2.1 Introduction 
One of the earliest observations of post-peak strength reductions in landslides 
was observed by Collin (1846) (Anayi 1990). However, since the early work 
of Terzaghi (1930), Hvorslev (1939) and Skempton (1964), who made a major 
contribution in the fourth Rankine Lecture, much work has been carried out to 
collect both field and laboratory observations of residual strength (Anayi 1990). 
Skempton (1964,1985) defined residual strength as the minimum constant 
value attained (at slow rates of shearing) at large displacements (Figure 7.1). 
These displacements are much greater than those required to develop peak and 
fully softened critical state values. Thus residual strength is not relevant to first 
time slides, but to old landslides where pre-existing shear surfaces exist. 
Therefore, in these cases residual strengths are a major design parameter 
(Skempton 1985). Residual strengths can be determined generally from 
reversible shear boxes, triaxial tests and ring shear devices (see Section 7.2.9). 
Considering the vast amount of literature that has been generated on this 
subject, the excellent reviews made by Lupini et al (1981), Anayi (1990), and 
Rouaiguia (1990) have mainly been referred to. However, some of the more 
pertinent studies have also been examined. 
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7.2.2 The effect of clay fraction 
Skempton (1964) first showed a general correlation between clay fraction (CF) 
and residual friction angles (Or'), suggesting that a smooth transition occurs 
within a most definite trend, Or reducing as CF increased. Since then many 
researchers have examined residual strengths in terms of grading, some of 
whom have proposed correlations which could be used to give an indication of 
likely residual properties. 
Petley (1966) found a distinct tendency for Or' to reduce as CF increased. 
However, for a CF above 60% only small reductions were observed. 
Furthermore, below a CF of 25% the peak and residual strengths were 
approximately the same. Blondeau and Josseaume (1976) (as cited by 
Rouaiguia 1990) present a similar correlation to Skempton (1964). Similar 
observations were made by Chaudhury and Bertoldi (1977, also cited by 
Rouaiguia 1990), who found that for sandy soils the peak and residual 
strengths were similar, whereas for plastic clays substantial strength reduction 
occurs before the residual value is obtained. Boyce (1984) when testing 
Zimbabwe soils found a very similar trend, although he noted that the value of 
Or was related to the amount of micaceous particles present. Townsend and 
Gilbert (1973,1974,1976, as cited by Anayi 1990) also found a similar trend 
concluding that Or was related to CF and mineralogy. Smart (1970) developed 
a formula to estimate Or from the internal angle of friction of the component 
parts. 
Observations made on various mudrocks have shown a consistent trend, even 
though breakdown of aggregates occurs resulting in a wide range of coefficient 
of sliding friction (µu) (Chandler 1969, as cited by Anayi 1990). Initially, silt- 
like behaviour was observed before clay-like shear occurs when aggregate 
breakdown has commenced. 
However, Kenney (1967) concluded from his extensive investigations on a 
wide range of soils, that residual strength was not closely related to CF, but 
mineralogy instead. However, Skempton (1985) incorporated this observation 
by asserting that any relationship between residual strength and CF covering a 
wide range of gradings should have the same mineralogy. Hawkins and Privett 
(1986) further considered that when making such correlations, the experimental 
determination of CF should be very carefully examined with the effects of 
mineralogy considered. The difficulties with such CF determinations have 
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previously been noted by Kenney (1967), and Mesri and Cepeda-Diaz (1986), 
and were considered in Chapter 4 (see Section 4.3.4). Thus great care must be 
exercised when using such correlations, which at best can only be used as 
indicators of Or' . They do, however, show the 
importance of mineralogy 
(discussed in Section 7.2.4). 
7.2.3 Correlation with Atterberg Limits 
Many investigators have also proposed correlations to the Atterberg Limits. 
Again reference has been mainly made to the reviews of Lupini et al (1981); 
Anayi (1990) and Rouaiguia (1990). 
Voight (1973) claimed that since Or' and PI are primarily dependent on 
mineralogy (Chapter 5, Section 5.2.1 and Section 7.2.4), the PI would provide 
a useful field guide to residual strengths of soils. Previously Kenney (1967) 
had claimed that no correlation between Atterberg Limits and Or' occurred, 
although this may have been based on either the LL or PL (Voight 1973). Kanji 
(1974) demonstrated that a relationship existed between Or and PI, from which 
he obtained the following expression 
Or = 46.6/(PI )0.446 (7.1) 
From this he strongly endorsed the claim of Voight (1973). 
Similar relationships have been presented by Fleicher (1972), Bucher (1975) 
and Seycek (1978) (Anayi 1990). Cancelli (1977), Miedema et al (1981), and 
Mesri and Cepeda-Diaz (1986) who correlated Or to the LL, although only a 
general trend of Or reducing with increased LL could be observed. Saito and 
Miki (1975, as cited by Anayi 1990) proposed a correlation between o' and the 
'plastic ratio' PI/PL. 
However, not all researchers found a straightforward trend. Townsend and 
Gilbert (1974, as cited by Anayi 1990) when examining Dawson Clay showed 
that a sharp increase in Or occurred once a threshold PI was reached. Vaughan 
et al (1978, as cited by Lupini et al 1981) postulated a discontinuous 
relationship between or and PI. They considered that the controlling factor was 
more likely to be the proportion of platy clay minerals present. Lupini et al 
(1981) and Anayi (1990) considered that the index properties are inadequate for 
residual strength predictions. However, they did consider that if mineralogy 
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was constant then residual strength was a function of PI and CF, and this may 
be valuable when considering residual strengths of natural deposits, but only if 
they reflect changes in fundamental properties such as shape and grading. This 
is not surprising considering that all engineering properties of soils, including 
PI, are controlled by fundamentals (Chapter 2, Section 2.6). Nevertheless, it is 
very likely that, due to the mode of failure, method of measurements and the 
effects of fundamentals, no simple correlation exists. Instead a complex set of 
forces exist which may counteract each other, depending on the mineralogy of 
the soil (see Section 7.2.4). This highlights the importance of adequate 
compositional data. 
In an attempt to improve such correlations, Collata et al (1989) using 150 
samples of Italian soil proposed a correlation between Or and index parameters. 
Using the expression 
Or' =f [(CF)2 x LL x PI x 10-5] (7.2) 
they showed a reasonable correlation with only a limited scatter. However, 
difficulties with experimental determination of CF (see Section 7.2.2) can occur 
and thus with this expression errors would be multiplied. Therefore, great care 
has to be exercised when using such correlations, as was pointed out previously 
in Section 7.2.2. It is thus considered that no simple correlation exists, 
although correlations can be useful as indicators of residual behaviour. 
7.2.4 Mineralogy 
As has already been suggested (see Sections 7.2.2 and 7.2.3) mineralogy is a 
key factor to consider when examining residual strength behaviour. In fact 
many investigators have found it to be the most important factor (Anayi 1990). 
Kenney (1967) carried out extensive studies on a wide range of clay and non- 
clay minerals. He found that Or' depends on mineral composition, and to a 
lesser extent system chemistry and normal effective stress. However, or may 
not be related to plasticity (see Section 7.2.3) and grain size. He further 
showed that for 'massive' materials such as quartz, Or' was dependent on 
particle shape. Furthermore, the residual strength of montmorillonites was 
found to be lower than kaolinites. 
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Later Kenney (1977), cited by Lupini et al (1981), highlighted the importance 
of clay to massive mineral proportions. He defined the ratio N for the relative 
residual strengths, as 
Ro = 
tan 0'r (MIXTURE) - tan 0'r (CLAY MINERALS) 
tan O'r (MASSIVE MINERALS) - tan O'r (CLAY MINERALS) 
(7.3) 
Earlier Chattopadhyay (1972) concluded that the residual strength of clay 
minerals depends on the mode of cleavage and bonding energies along cleavage 
planes at shear zone particle contacts. Based on this, Mitchell (1976) produced 
a table to illustrate these effects for various clay minerals (Table 7.1). The 
various basal linkages between clay mineral sheets has already been discussed 
in Chapter 2. Table 7.1 further demonstrates the importance of mineralogy in 
controlling particle shape, and how this is related to Or". Typical values of Or 
for the various clay minerals are also shown in Table 7.1. 
The importance of particle shape and mineralogy when considering residual 
strength was later shown by Welsey (1977, as reported by Anayi 1990). He 
found that for non-platy allophane, residual strengths coincided with peak 
values. However, halloysite with platy particles exhibited post-peak strength 
reductions to the residual value. 
Mitchell (1976) noted that changes in 4r' values may occur with kaolinites 
because of interlocking along the shear plane. Thus to reach the residual state 
prefect orientation must occur. Mesri and Cepeda-Diaz (1986) noted that 
particle geometry may also be important. Stiff platy kaolinite may act as rotund 
particles, whereas the flexible films of montmorillonite exhibit face to face 
orientation with much greater ease. Skempton (1985) also considered 
mineralogy to be important. He suggested that Or' for kaolinite was 
approximately 15 degrees, for illite or clay mica 10 degrees and montmorillonite 
(or smectite) 5 degrees, these values agreeing with those given in Table 7.1. 
Other authors have made similar observations including Townsend and Gilbert 
(1973,1974,1976), Steward and Cripps (1983), and Anayi (1990). Thus in 
conclusion mineralogy is a most important factor, because it controls shape, 
porosity, interlayer bonding and particle content, and thus Or". It appears that 
Or' for kaolinite is greater than clay mica, which in turn is greater than smectite, 
although this may vary depending on pore chemistry (see Section 7.2.5). 
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7.2.5 Pore fluid chemistry 
Very little work appears to have been carried out to investigate the effects of 
pore water chemistry on residual strength. 
Kenney (1967) concluded that the residual properties of hydrous mica and 
montmorillonites are influenced by system chemistry. He found that as ion 
concentration, cation valency and polarizability increased so the residual 
strength was increased. This resulted from the formation of interparticle bonds, 
though these effects were less significant at higher stresses. 
Ramiah et al (1970) varied the pore chemistry of silty clay using sodium 
hexametaphosphate as a dispersion agent and calcium hydroxide as a flocculant. 
They observed differences in Or' of 28 to 33°. However, this was conducted 
over a low normal effective stresses range (up to 160 kPa). Furthermore, 
reservations about the use of calcium hydroxide as a flocculating agent have 
been raised (Rao 1972). 
Anayi (1990) cited La Gatta (1970) and Steward and Cripps (1985), who have 
also carried out studies in this field. La Gatta (1970) when examining the 
residual behaviour of various British mudrocks observed only very slight 
changes to residual strengths with different pore fluid concentration. Steward 
and Cripps (1983) found that Or was sensitive to cation concentration and 
composition, both of which are altered by weathering. 
Lupini et al (1981) considered that at high salt concentrations platy particles may 
have µu high enough to cause turbulent failure (see Section 7.2.6), as opposed 
to the expected sliding failure. 
Chattopadhyay (1972), based on similar physico-chemical ideas discussed in 
Chapter 2, introduced the (R-A) term into the Coulomb-Terzaghi relationship. 
Thus for inactive kaolinite where (R-A) is close to zero, contact stresses are 
carried by solid to solid contacts, whereas for smectite (R-A) is high and film 
effects may dominate. This indicates that pore chemistry effects are unlikely to 
influence the behaviour of kaolinites, whereas they may significantly alter the 
behaviour of smectite. This agrees with the observations of Kenney (1967) and 
the discussion in Chapter 2. 
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More recently, Moore (1991) examined the effects of pore chemistry on the 
residual properties of kaolinite and montmorillonite in both sodium and calcium 
saturated forms, together with weathered and unweathered London and Weald 
Clays. Testing at normal effective stresses of 250 kPa, different pore fluids 
were introduced under a constant head of lm directly to the clay specimen. He 
observed a difference of up to 21% in the residual strength of pure clays, 12% 
to 14% with weathered material and between 5 and 10% for unweathered clays. 
He further noted that differences between Or' of sodium and calcium clay 
minerals occurred, sodium showing the lowest residual strength. However, 
throughout he assumed that cohesion was zero. Values between 0 and 10 kPa 
have been observed from best fit lines with natural mudrocks (Lupini et al 
1981, Anayi 1990). Furthermore, considering the fundamental nature of clays, 
particularly montmorillonites (Chapter 2), this general assumption may be in 
error, and could account for some of the observations made. In addition the 
changes in residual strength were made at just one normal effective stress, and 
the changes observed were relatively low, of the order of 10 kPa for kaolinitic 
clays and 20 kPa for the montmorillonite clays, due to cation and pore 
chemistry changes. In fact the largest difference was related to cation nature. 
These effects were much smaller with mudrocks. 
Mitchell (1976) considered that when particles are orientated face to face, the 
contact may not be solid to solid, but via adsorbed film. However, this must 
depend on mineralogy, particle size and shape. Thus for inactive kaolinite these 
physico-chemical factors may be small and possibly insignificant. However, 
for smectites (montmorillonites) significant changes would be observed as pore 
chemistry is altered. Overall it is likely that these effects are related to normal 
effective stresses ((Y'n), reducing as 6' increases. It may be that the cohesion 
intercept is altered as well, and thus should be considered. Moore (1991) 
further postulated that chemical properties are unlikely to change the inherent 
friction component of shear, although friction may be lessened or increased by 
expansion or contraction of the double layer separating particles. 
It is clear that no conclusion can be drawn and more research is needed, 
particularly over a range of normal stresses with a range of pure and natural clay 
soils. However, such a study is beyond the scope of this work. 
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7.2.6 Shear Mechanism 
Studies of the development of slope failure were introduced by Skempton 
(1964), who recognized the importance of progressive failure in slope stability. 
He introduced the term 'residual factor' R' defined as 
R' =SfS (7.4) Sf - Sr 
where S= actual average shear stress in the clay, 
Sf = peak strength, and 
Sr = residual strength. 
This measures the proportion of the slip surface which has reached its residual 
value. Since then extensive studies have been carried out by Bishop (1967, 
1971), Bjerrum (1967) and Anayi (1990). In these it was considered that post- 
peak displacements are typically associated with migration of water to the slip 
surface and a range of drained strengths is mobilized throughout the slope. 
Failure eventually occurs when at all points the stress in the clay is between 
peak and residual strength. 
Rouaiguia (1990) cited Townsend and Gilbert (1974), who suggested that 
strength reductions associated with peak to residual states resulted from 
rupturing of interparticle diagenetic bonds, adsorption of water and subsequent 
parallel alignment in failure zone. These diagenetic bonds were formed in 
natural materials over long periods of time due to adhesion, cementation and 
particle recrystallization (Cripps and Taylor 1981). 
The nature of the shear zone formed has been studied by Morgenstern and 
Tachalenko (1967) using microstructural observations (Skempton 1985; Anayi 
1990). They found that the shear boundary in different clay slips was between 
10 to 100 microns thick, although occasionally thicker. Skempton (1964) 
observed that a continuous band formed during shearing. In this domain, a 
zone of the order of 20 microns thick of strongly orientated particles formed in 
the direction of shear. Associated with this a secondary slip zone of moderately 
orientated particles occurred up to 25mm thick. Outside this domain scarcely 
any orientations were observed. Later Skempton (1985) noted that this 
orientation within a narrow zone had been observed in several landslides and 
laboratory tests. 
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The present understanding of the mode of shear and mechanisms involved have 
been elucidated by Lupini et al (1981), and Skempton (1985). Lupini et al 
(1981) examined three different mixtures to examine the residual behaviour of 
soils. They recognized that three modes occurred: turbulent, sliding and 
transitional. The mode type depends on the dominant particle shape that occurs 
(rotund or platy) and the coefficient of interparticle friction µu. 
The turbulent (or rolling, Skempton 1985) type occurs if a soil is dominated by 
rotund, or possibly platy particles when µu is high. However, Lupini et al 
(1981) noted that the latter case has not been observed in clays. In this mode, 
which typically yields residual friction angles (Or') greater than 25 degrees, no 
preferred particle orientations occur and brittleness is due only to dilatant 
behaviour. This mode is similar to classical models at small displacements. 
Thus Or is a function of particle shape and packing, not µu. The shear zone, 
once formed, is at a different porosity which can be subsequently modified by 
changes in stress. 
Sliding occurs when there is a high proportion of platy particles of low µu. 
This allows strong preferred particle orientations to develop with substantial 
post-peak strength losses. The brittleness is due mainly to these particle 
orientations. Or is a function of mineralogy, pore fluid chemistry and µu. 
However, not all residual friction is caused by interparticle sliding. Once 
formed the shear surface is a permanent feature independent of subsequent 
stress history. 
The third mode is a transitional mode where no dominant particle shape occurs. 
Both pockets of turbulent and discontinuous sliding modes occur, forming a 
thick shear zone. Residual properties change progressively across this zone, 
depending upon the grading of the soil. 
substantially reduce Or . 
Increases in platy particle content will 
These zones have been related to CF as illustrated in Figure 7.2. With reference 
to this Skempton (1985) elucidated post-peak behaviour of overconsolidated 
and normally consolidated soils, updating this from his previous presentation 
(Skempton 1964). Skempton (1985) considered that two phases occurred 
during drain shearing of intact overconsolidated clays (illustrated in Figure 7.1). 
Firstly, an increase in water content occurs due to dilation, followed by 
reorientation of clay particles parallel to the direction of shear. At the end of the 
first phase the 'critical state' or 'fully softened state' is reached. 
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In normally consolidated clays, the post-peak drop is entirely due to particle 
reorientation. This occurs when appreciable amounts of platy clay minerals are 
present (see Figure 7.2), with CF's above 20 to 25%. Below these CF 
percentages (silty and sandy clays) the classical 'critical state' type of behaviour 
is observed, where the strength scarcely drops below the normal consolidation 
peak value. The post-peak drop associated with overconsolidated silty or sandy 
clays is almost entirely due to dilation. 
This was aptly shown by Lupini et al (1981). Skempton (1985) further 
illustrated that this pattern occurs in natural soils (see Figure 7.3). Thus three 
mechanisms can be said to exist, depending on the proportion of platy clay 
particles (Lupini et al 1981). It should be noted that between CF of 20 and 
50%, Or is sensitive to grading. Above and below these limits no significant 
changes are observed (see Figure 7.2). 
However, as has already been noted in Section 7.2.4, particle shape is the 
primary factor, and this is controlled by mineralogy. Figures 7.1 to 7.3 serve 
only as an indicator, because some soils have a high CF but are made up of 
non-platy particles and exhibit Or greater than 25 degrees. Mesri and Cepeda- 
Diaz (1986) also warned against confusing large strain strength due to strain 
softening, associated with loss of interparticle bonding, with residual strength 
due to particle orientations. This may account for some of the observations 
made with pore fluid chemistry (see Section 7.2.5). 
7.2.7 Effects of normal stress level 
Many investigations have shown that the relationship between normal and 
effective stress and residual strength envelopes is curved for most clays. Anayi 
(1990) cited numerous authors that have shown a curved relationship. Anayi 
(1990) found that the curvature was most pronounced below normal effective 
stresses of 150 to 200 kPa, although this transition point varies for different 
clays. Lupini et al (1981) carried out a number of tests and reached the same 
conclusions. Both Kenney (1967) and Anayi (1990) considered that this 
curvature was a function of mineralogy. 
Mitchell (1976) demonstrated this when citing Chattopadhyay (1972). Using 
data from various authors, Mitchell (1976) presented the graph shown in Figure 
7.4. By applying the concepts of adhesion theory (Chapter 2, see Section 2.6) 
he postulated that at low normal effective stresses particle contacts in clays are 
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elastic, and thus friction varies with normal effective stresses (an'). However, 
he noted that an alternative, but still tenable, explanation was that at low an' less 
orientation occurred, thus more work is needed to develop the shear plane. If 
this were so, it would be expected that overconsolidated clays would show a 
less pronounced curvature in the envelope. Anayi (1990) using normally 
consolidated and overconsolidated samples of London Clay showed that the 
curvature was less pronounced with the overconsolidated samples, suggesting 
that both explanations are relevant. However, measurements at low 6'n are 
subject to greater experimental errors (Anayi 1990). Mitchell (1976) further 
noted that for quartz, O' was independent of normal load. He further postulated 
that this was again related to particle contact nature (see Chapter 2, see Section 
2.6). 
Skempton (1985) also noted that curved envelopes occurred. However, he 
considered for design purposes that a "best fit" line would be adequate 
assuming the cohesion intercept cr was zero. Earlier Chandler and Skempton 
(1974) had suggested that taking cr =0 was unduly conservative (Anayi 1990). 
However, no great design error would be incurred by assuming Cr' = 0, though 
it may be highly significant when investigating pore chemistry effects (see 
Section 7.2.5). 
Maksimovic (1989) noted that this normal effective stress-dependent Or' 
behaviour is not well understood due to the different degrees of orientations that 
occur with load. He proposed an expression based on hyperbolic type failure to 
describe this behaviour. 
Skempton (1985) further considered that, because of the non-linearity of the 
Mohr-Coulomb envelope, when comparing one clay to another it is best to fix 
on a "standard stress". Thus the associated value of Or' can be used as a 
characteristic parameter. However, as discussed above, this may not be valid in 
all cases. 
The non-linear envelope behaviour is not surprising considering that the 
Coulomb Line is a straight line approximation of what in fact is a curved line, 
this approximation being only valid over normal working loads in most Civil 
Engineering situations (Mitchell 1976). 
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7.2.8 Effect of sample condition, stress history and strain rate 
Lupini et al (1981), Anayi (1990), and Rouaiguia (1990) have cited numerous 
pieces of work which have shown that the effect of sample condition, stress 
history and initial moisture content have no appreciable influence on the 
measurements of residual strengths of soils. Ever since Skempton (1964) 
initially reported his findings general agreement has been reached. In fact it has 
been found that residual shearing occurs at the same final moisture content 
regardless of initial conditions (Mitchell 1976, Anayi 1990). 
Anayi (1990) considered that as the residual value was primarily due to 
orientation of clay particles it was expected that residual strength should be 
independent of rate, as long as the rate was within the range of drained 
conditions. This has been confirmed by many previous investigators. Kenney 
(1967) found no rate effects for different minerals between 0.016 to 0.0024mm 
per minute. Ramiah et al (1970) observed a similar independence with rate as 
did Bromhead and Curtis (1983). Lupini et al (1981) came to a similar 
conclusion. Skempton (1985) summarized previous work and noted that rate 
effects were negligible when within a normal laboratory range (0.002 to 
0.01 mm per minute). 
7.2.9 Methods of measuring Residual Shear 
Excellent reviews of the techniques used to measure residual strength, together 
with their pros and cons, have been previously given by Lupini et al (1981) and 
Anayi (1990). Three methods can be used: 
1. triaxial compression tests, 
2. direct shear box tests; 
3. torsional or ring shear tests. 
Before the development of the ring shear apparatus, most published 
measurements were made using multiple reversal techniques with direct shear 
boxes, although some have been made with the triaxial machine. Olson (1974), 
Anayi (1990) and many others generally agree that the triaxial machine is of 
limited use for residual strength measurement. This is partly because it 
generally overestimates the residual strength, since not enough displacement can 
be generated. Other errors can be incurred due to membrane restraint and 
complex stress distributions across failure planes. These problems can still be 
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significant after attempts to improve this technique by using pre-cut samples and 
correction factors have been made (Anayi 1990). 
A much more acceptable and widely used technique is the reversible direct shear 
box, which has been used successfully by many previous researchers (e. g. 
Skempton 1964, Kenney 1967, Rouaiguia 1990, Anayi 1990). This reversible 
technique is required to achieve the relatively large displacements needed to 
reach the residual state. The main disadvantages with this technique are that the 
cross-sectional area changes, friction exists between the soil and metal frame 
and the metal frame and lifting pin, as well as disturbance to the shear plane on 
reversal. Anayi (1990) noted that continued extrusion of soil may be a 
problem, since it could cause tilting and twisting of the upper load platen. To 
reduce some of these effects, Anayi (1990) suggested placing soil at just above 
its PL. The most important problem, however, with the reversible technique is 
the repeated disturbance of the shear plane, which prevents full particle 
orientation occurring in the manner that it would in practice. This is likely to be 
particularly important with kaolinitic soils (see Section 7.2.4). 
More recently ring shear tests have been employed to determine residual 
properties. The ring shear has the advantages of no change in cross-sectional 
area as the test proceeds and that the sample is sheared through an uninterrupted 
displacement of any magnitude (Anayi 1990). 
Three devices have been developed: Bishop, Harvard and Bromhead devices. 
Both the Bishop and Harvard devices have the disadvantages of being 
expensive to purchase and time-consuming to set up and use. The advantage of 
the Bromhead ring shear (BRS) device is its simple, inexpensive and robust 
nature, which allows similar results to those of the more sophisticated devices 
to be achieved in less time (Anayi 1990). 
Good agreement between ring shear and reversible shear tests has been 
achieved by many authors (e. g. Bromhead and Curtis 1983, and Anayi 1990). 
Anayi (1990) further cited Cunningham (1980) who found less scatter with the 
BRS when compared with the Bishop apparatus, although some authors have 
found differences between the various devices (e. g. Petley 1980, as reported by 
Anayi 1990). This has led some authors to consider ring shear results as a 
lower bound solution and those from the reversible shear box as an upper 
bound value. Anayi (1990) further found some problems when using the BRS 
device, which caused him to modify it slightly (see Section 7.3). 
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Comparison between laboratory values of Or' and back analysed values from 
slope failures has resulted in differences being observed. These are typically of 
the order of 1 to 2 degrees (Skempton 1985). Anayi (1990) cited Chandler 
(1984) who found that for low plasticity clay (PI < 20 to 25%) the two types of 
values were similar. However, for clays of higher PI deviations occurred, the 
ring shear values underestimating field values by 2 to 3 degrees. This was due 
to strain softening and progressive failure. Skempton (1985) noted that various 
suggestions have been offered to explain these differences, although most are 
based on increased stress concentrations that occur during laboratory testing 
when compared with landslides. Unfortunately, this question is still unresolved 
(Skempton 1985). 
7.2.10 Summary 
It is clear from the above discussion that residual strength is controlled by many 
factors, the most important of which is mineralogy which controls shape, 
porosity and hence shear mechanisms. Residual strengths are required to 
determine the stability of slopes with pre-existing shear planes that typically 
occur in old landslides. The shape of the failure envelope is curved, showing 
that residual friction angles (Or') are not independent of normal effective 
stresses. However, Or of clays can be considered to be independent of sample 
preparation, stress history, initial moisture content and rate of drained shearing. 
Changes due to pore chemistry may influence the residual strength, although 
this is likely to be related to mineralogy. Kaolinite should be unaffected since 
this mineral is relatively inactive, whereas a sodium smectitic clay at low normal 
effective stresses will show the greatest effect. 
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7.3 EXPERIMENTAL PROCEDURES 
7.3.1 Aims and Objectives 
The overall aims and objectives of this section of the investigation were as 
follows. 
1. To examine the effects of temperature on the residual strength of a clay 
over a range of normal effective stresses (('n). 
2. To compare the residual strength of different clays over the same 
temperature and range 6',,. 
To determine the residual strength under these conditions the Bromhead Ring 
Shear device (BRS) was employed. For more details see Bromhead (1979) and 
Section 7.2.9, where some of its advantages have been discussed. For these 
reasons, the BRS was used throughout this test programme. The problems 
associated with temperature control are discussed later (see Section 7.3.8). 
However, several other problems were encountered with this apparatus and 
these are discussed below (see Sections 7.3.5 and 7.3.6), together with the 
methods employed to overcome these problems. 
7.3.2 Experimental programme and material used 
An initial laboratory test programme was drawn up with the aim of examining 
the residual behaviour of English China Clay, Lower Lias Clay and London 
Clay, over a range of between 150 to 450 kPa (see Table 7.2). Tests were to be 
conducted at two or three temperatures. From Table 7.2 it can be seen that 
sliding shear was anticipated from all three clays due to their high CF and 
known particle shape. Typical values of Or have also been included in Table 
7.2 for reference. 
Samples of Keuper Marl were excluded from this study due to their complex 
intrinsic nature. Davis (1966) had previously indicated that particle 
disintegration occurred as shearing commenced, and that these effects increased 
as 6'n increased. Thus to investigate the effect of temperature on this clay's 
residual behaviour was considered to be potentially problematic. It was 
considered more viable to examine first the effects of temperature on clay with 
material of a more clearly defined residual behaviour. Based on the results of 
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such a study, examination of temperature effects on the more complex materials 
could then be carried out with confidence. Unfortunately, sufficient time was 
not available to undertake the work on the more complex clays in addition to 
other lines of enquiry included on the basis of results of other tests. 
Normal effective stresses below 150 kPa were also not considered because 
pronounced curvature of the residual strength envelope occurs below this value. 
In particular, parallel orientation of clay particles is much less well developed at 
low normal stress, thus necessitating considerably larger displacements (which 
even then will arguably, not cause full alignment) and errors associated with 
low 6'n are more significant (Section 7.2 and Anayi 1990). 
Other problems were encountered during testing, reducing further the time 
available to complete the original programme. This problem was further 
exacerbated by damage that had occurred to the worm drive previous to this 
investigation taking place. Trials using this damaged drive proved totally 
fruitless due to the jerky shear motion imparted to the soil specimen. Thus a 
replacement had to be ordered. As a result testing could only be conducted at 
two temperatures (20 and 50°C). 
7.3.3 Initial sample preparation 
Samples of English China Clay and Lower Lias Clay were crushed, as 
required, to a 425 micron size fraction, after having been first air dried. Once 
sieved the samples were reconstituted at a moisture content just above their 
Plastic Limits with distilled water (from the same source as that used elsewhere 
in this overall study). The samples were mixed for one hour (see Chapter 6, 
Section 6.3.6) and were then stored in three separately sealed plastic bags under 
stable room conditions. This ensured uniform and homogeneous samples of a 
consistent compositional nature. 
A similar method was employed for London Clay, except that the samples were 
first oven dried. When reconstituted London Clay showed the characteristic 
brown colour of the weathered material. This ensured that, for this programme, 
a consistent sample of London Clay was used, even though its compositional 
nature altered with subsequent wet/dry cycles. 
Samples were mixed with distilled water as above, although due to problems 
associated with elevated temperature tests (see Section 7.3.8) pre-boiled water 
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had to be used to flood the cell. However, the effects of these differences were 
considered to be insignificant, due to the mineralogy of the clays and the fact 
that the tests were conducted under the same pore fluid chemistry conditions 
throughout. Both English China Clay and Lower Lias Clay have significant 
proportions of inactive kaolinite, whose shear properties may not be 
significantly affected by pore fluid chemistry changes (see Section 7.2.5 and 
Chapter 2). Furthermore, Moore (1991) showed that for low salt water 
concentration difference (0 to 10%) no change in 4r' was observed with 
weathered London Clay. Only at a concentration of 50% did significant 
changes really occur. 
Thus overall it is considered that in a comparative study where pore fluid 
conditions are similar no significant effects will occur. Changes with respect to 
temperature are thus more likely to be as a consequence of changes in the 
mineral components' solubilities at elevated temperatures. 
7.3.4 Bromhead Ring Shear 
A Wykeham Farrance Bromhead Ring Shear device was used throughout this 
study. Further details of this device are given elsewhere (Bromhead 1979, 
Anayi 1990, and BSI 1990). 
In general a 5mm thick annular soil specimen with an inner and outer diameter 
of 70 and 100mm respectively, was confined radially between concentric 
confining rings. This specimen was compressed vertically between two porous 
bronze load platens via a lever loading system. Shearing was achieved by 
rotation of the base plate, and lower platen, by means of a variable speed motor 
and gear box acting through a worm drive. This caused a shear surface to form 
close to the upper load platen. Both upper and lower platens have knurled 
surfaces to prevent the specimen sliding at the platen soil interface. 
7.3.4.1 Normal loading systems 
The normal stresses were supplied to the specimen via dead weights suspended 
on a lever loading system. This system consists of a counterbalanced lever arm 
with a ratio of 10: 1. 
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7.3.4.2 Torque measurements 
Two linear variable displacement transformers (LVDTs) with a total range of 
12mm were fitted in parallel with the existing dial gauges of the proving ring 
(500 N capacity). The bodies of the transducers were clamped to the backing 
plates of the dial gauges with the core following the linear compression of the 
proving rings. The rings enable applied torques, and hence shear stresses, to 
be computed. 
7.3.4.3 Radial Displacement measurements 
Direct displacement measurements can be taken either from the graduated disc 
attached to the lower cell or computed from the rate of shearing multiplied by 
elapsed time. The second method was preferred due to the ease of calculation. 
7.3.4.4 Vertical deflection measurements 
One LVDT of 12mm travel was fitted to the plunger of the dial gauge 
(0.002mm/division, 12mm travel) normally used for vertical deflection 
measurements. This was used to measure movement during both consolidation 
and shearing stages. The complete assembly was positioned vertically onto the 
top loading yoke of the apparatus. 
7.3.4.5 Calibration 
Dial gauge calibration was carried out in accordance with BS 1377 : Part 1 (BSI 
1990), as required for normal laboratory maintenance. All three transducers 
were calibrated with the aid of a micrometer over a range of 5mm (the maximum 
anticipated working range). 
The proving rings (A and B, Table 7.3) were subjected to full recalibration, 
both for loading and unloading cycles, at room temperature over the maximum 
working range. Calibration was conducted in a triaxial cell, from which a load- 
deflection curve could be plotted. This produced a straight line plot from which 
the gradient was calculated, giving the mean calibration proving ring factor (see 
Table 7.3). 
Rings C and D were supplied from the manufacturer mid-way through this 
research and were subjected to a full recalibration. This was achieved by 
applying dead loads to the proving rings (via a load frame) over the full 
working range of the rings. Again loading and unloading cycles were used. 
Two calibration loading sequences were conducted and the average proving ring 
factor computed (see Table 7.3). 
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The proving ring factors quoted for rings A and B correspond to values 
achieved with transducer measurements, whereas the values for rings C and D 
correspond to dial gauge (12mm travel, 0.002mm/division) measurements, 
these gauges having been previously calibrated by the manufacturer. 
7.3.4.6 Data Recording System 
Where transducers were employed to make measurements a data recording 
system (see Plate 7.1) was used. This system includes an IBM personal 
computer, twin disk drive, a Wykeham Farrance four channel interface and a 
Canon printer. Software was written to enable conversion of electrical signals 
generated by the LVDTs to displacement (in mm) and force (in N) as required. 
7.3.5 Ring Shear Tests : Specimen Preparation 
Samples of English China Clay and London Clay were tested in accordance 
with BS 1377 Part 7 Clause 6 (BSI 1990), with further reference to both the 
manufacturer's literature and Bromhead (1979). Remoulded samples prepared 
at the PL were first kneaded into the annular cavity. This was then levelled 
flush with the top of the confining ring, after which the upper load platen was 
placed carefully into position over the pre-greased centring pin. 
Consolidation took place under the normal stresses recommended by Bromhead 
(1979) and the British Standard, ensuring that the primary phase had been 
completed before a new load was applied. Several stages were used to avoid 
excessive extrusion of soil. Any soil that was extruded was washed away with 
jets from a wash bottle. The load was doubled each time until the required 
normal effective stresses were achieved. Once consolidation was complete 
shearing could commence, ensuring first that the torque arm and proving rings 
were carefully aligned. 
7.3.6 Ring Shear Tests : Shearing 
The rate of shear was first determined in accordance with BS 1377 Part 7 
Clause 6.4.2 (BSI 1990). This ensured drained conditions throughout, 
although it was checked regularly in accordance with the British Standard. No 
significant loss of torque occurred, and thus the rates chosen were deemed 
satisfactory, throughout the test programme. 
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Testing was initially conducted on English China Clay at the required rate until 
the residual state had been reached. Experience found that displacements of the 
order of 150mm were needed. However, some soil was extruded during 
testing. When tests were conducted over a longer period of up to 4 days, 
significant extrusion took place resulting in excessive imbalance in the two 
proving rings, a typical result is shown in Appendix D for illustration. Anayi 
(1990) noted that although some imbalance is acceptable, large differences are 
not and thus imbalance should be kept to a minimum. Some imbalance is 
inevitable due to differences in proving ring stiffnesses or sample non- 
uniformities. However, larger differences occur when the load platen tilts, 
producing significant side friction and large errors. This was particularly 
prevalent with 4 day tests, where much more material was extruded. 
In an attempt to overcome these difficulties samples were loaded with smaller 
stress increments. However, the problems still persisted. Further, attempts 
were made using specimens of London Clay, in order to see if these effects 
were related to clay type. Noting also that short duration tests gave the most 
consistent results, testing was modified slightly. 
After consolidation, specimens were first sheared at 0.0178mm per minute for a 
displacement of 25 to 30mm. The machine was then switched off and the 
specimen was rapidly sheared through two complete revolutions, after which it 
was left overnight to allow excess pore pressures to dissipate. The next day the 
specimen was then resheared at the same slower rate. After an initial peak in 
shear stress had occurred, associated with a reknitting of the shear plane (a 
similar observation was later made by Rogers and Glendinning, 1993), a drop 
in strength towards residual was observed. However, before the residual state 
could be confirmed excessive imbalance in the two proving rings occurred. 
This problem persisted even after extruded material was removed with water 
jets. This excessive extrusion was illustrated by the large vertical displacements 
that occurred during shearing. A total deflection of over lmm was observed at 
ß' = 150 kPa and over 2.2mm at 6'n = 450 kPa. Considering that up to 
lmm had previously occurred during consolidation the total vertical deflection 
was between 40% and 64% of the original height. Furthermore, vertical 
deflection measurements cannot distinguish between shear and extrusion related 
changes. 
A similar effect had previously been noted by Anayi et al (1989) and Anayi 
(1990) with Lower Lias Clay, the third clay in this study. Anayi (1990) tried 
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several techniques to improve this situation without success. Nevertheless 
results for English China Clay over a period of 24 hours where extrusion is 
reduced, gave satisfactory results (see Chapter 9, Section 9.5.2). 
Anayi (1990) further questioned the reliability of adhesion of clay to the upper 
load platen. Thus the shear surface formed may not be reliable. 
To overcome these problems, a modification to the upper and lower load platens 
was proposed. Using this Anayi et al (1989) produced significant 
improvements in testing with less soil extrusion. However, due to the 
problems encountered and time constraints the programme was changed again, 
such that only English China Clay and Lower Lias Clay were tested using the 
modified ring shear. This decision was additionally based on the fact that there 
was insufficient London Clay to carry out a full test programme, without 
remixing more material, and as a result testing with London Clay was 
abandoned. 
Throughout this programme the temperature variation was within limits 
specified by the code, ie a temperature of 21 ± 30C was observed throughout. 
7.3.7 Modified Bromhead Ring Shear (MBRS) 
7.3.7.1 Modifications 
The modifications made consisted of 24 vanes uniformly distributed on the top 
and bottom platens (see Plate 7.2). Each vane was made of stainless steel 
(0.93mm thick, 5mm in height) and was glued into slots machined into the 
porous bronze rings. The width of the vane in the bottom platen was 15mm 
equal to that of the sample, with the upper platen width reduced to 14.4mm to 
allow 0.3mm clearance either side during rotation. This results in a need for the 
specimen depth to increase from 5 to 10mm. Further modifications were made 
to the torque arm and these are illustrated in Figure 7.5. For more details see 
Anayi (1990). 
A second machine was used during the latter stages of the test programme. A 
similar modification was made to the upper and lower load platens. However, 
the torque arm was modified by the use of plates fixed at the arm's end, 
enabling the proving rings to maintain a good contact with the torque arm. 
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As a result of this modification drainage times are increased, resulting in 
reduced strain rates. However, these are still greater than those used with 
reversible shear boxes, and in spite of modification the other advantages of the 
BRS are retained (see Section 7.2.9). 
7.3.7.2 Materials used 
Due to the problems reported above only samples of English China Clay and 
Lower Lias Clay were tested with MBRS. The specimens came from exactly 
the same source as before, and thus were compositionally consistent. 
7.3.7.3 Specimen preparation 
To form the specimens used for testing, it was first necessary to place an inner 
and outer mould around the top load platen (see Plate 7.2). With these in place, 
soil just above its PL was kneaded into the annular cavity formed by the 
moulds. This was then trimmed flush with the top of the inner mould (2mm 
above vanes), after which the moulds were removed carefully in order that the 
specimen formed was not disturbed. 
In the case of the bottom load platen specimens were first kneaded into the 
annular cavity (again at a water content just above the PL) before being trimmed 
with the plastic scraper (see Plate 7.2). This also produced a specimen that 
extended 2mm above the vanes, thus the overall specimen height was 10mm. 
When complete the confining ring was first placed over the pre-greased centring 
pin and the upper load platen was located carefully inside the confining ring 
over the same pin. The specimen was then consolidated and sheared (see 
Sections 7.3.7.4 and 7.3.7.5). This method of preparation has the advantage 
of pre-forming an orientated shear plane mid-way through the specimen. This 
substantially reduces the displacements required to reach the residual state. 
7.3.7.4 Consolidation 
The same test techniques as described in Sections 7.3.5 and 7.3.6 using the 
monitoring equipment described in Section 7.3.4, were employed. It was noted 
that drainage times increased and, as a result, strain rates were slower than with 
the BRS, as expected. However, difficulties were found when calculating the 
strain rates to be used when testing Lower Lias Clay. Computation indicated 
that the rate that should be used was slower than the lowest setting on the 
machine. However, trials conducted at this setting (0.0178mm per minute) 
were checked in accordance with BS 1377 (BSI, 1990). This showed that in 
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fact the rate was satisfactory, because no significant loss in torque was 
observed even after the machine had been switched off for 3 days. This was 
monitored regularly throughout the test programme with both English China 
Clay and Lower Lias Clay samples. No significant torque loss was observed, 
and thus it was concluded that the strain rates selected were satisfactory. 
Errors in the calculation could have arisen from soil extrusion during the 
consolidation phase. Even though the effective normal stress (6n') was applied 
in stages to reduce this, some extrusion is inevitable and thus could interfere 
with the consolidation process yielding falsely high consolidation times. 
Therefore, the rate calculated appears lower than rates that can actually be used. 
7.3.7.5 Shearing 
Once the required 6n' had been applied shearing commenced at the desired rate. 
Displacements of up to a minimum of 150mm proved adequate to ensure the 
residual state had been reached. In fact it was observed that residual strengths 
were reached after only 20 to 40mm of displacement. In some cases it proved 
necessary to terminate the test prematurely due to large imbalances in the two 
proving rings, although the residual state had been reached in all of these cases. 
Trials had initially been conducted whereby the specimen was rotated through 
two revolutions. However, large quantities of soil were extruded with this 
method and it was felt that problems would be encountered. These include 
friction losses, proving ring imbalance and possible vane interlock or partial 
vane contact, and thus this method was not employed. 
It was also felt that such a method would interrupt the shear plane formed in 
English China Clay due to a tumbling effect associated with its large particles 
(Boyce 1991). If this occurred, significantly different residual values may be 
recorded (see Section 7.2). However, it was considered that drained shearing 
from the start would largely avoid these problems. 
Only single stage testing was employed throughout this programme. This was 
to avoid any risk of the vanes from the top and bottom load platens interlocking. 
This would be particularly important at high 6'. 
Vertical movement was monitored throughout shearing. However, due to soil 
extrusion movement associated with shear and extrusion cannot be 
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differentiated (see Section 7.3.6), and thus the results are not generally included 
in later presentations (see Chapter 9). 
A typical shear plane formed is illustrated in Plate 7.3. This shows a sample of 
Lower Lias Clay sheared under 6n' = 150 kPa. 
Due to sampling difficulties at the end of the test no final moisture contents were 
taken. It was felt that because only a relatively small sample (a few grammes) 
could be taken that the result achieved would be unreliable. Furthermore, 
problems occurred with water entering the shear plane when the specimen was 
removed from the cell, thus introducing further inaccuracies. 
7.3.8 Temperature Tests 
7.3.8.1 Temperature control 
Initially a bath heater was to be used to control temperature, by pumping 
preheated water into the test cell. However, due to the large rotation associated 
with the BRS (and MBRS) this method was ruled out. Another idea was to 
place a heater coil into the cell and heat the water directly. However, due to the 
very small volume of water associated with the BRS, it was considered that 
problems of control would be encountered with this method, and so this too 
was ruled out. Eventually, it was decided to place the entire BRS device in an 
environmental cabinet similar to the one used in the vane shear tests (see 
Chapter 6, Section 6.3.7). 
Due to the size of the cabinet, nine domestic light bulbs were used to achieve a 
temperature of 500C. The use of several bulbs enabled a relatively uniform 
temperature distribution to be achieved throughout the box. The variations 
observed were within the specified limits in BS 1377 (BSI, 1990). For English 
China Clay this was 49°C ± 3°C and for Lower Lias Clay 52°C ± 2.5°C. 
7.3.8.2 Calibrations 
Calibrations of transducers and proving rings were conducted at the test 
temperature (air temperature 550C) using the same technique described in 
Section 7.3.4.5. The results are shown in Table 7.3. The linearity of the 
transducers was also checked, with no deviation being observed. 
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7.3.8.3 Test technique 
The same technique as described in Section 7.3.7 was used. However, initial 
trials indicated that excessive evaporation losses would occur. To supply water 
constantly, ensuring the water level in the cell was maintained, a pump set at a 
very slow rate was employed. However, distilled water would have over 
period of time cause corrosion of the pump working and so pre-boiled water 
was used instead to avoid this (see Section 7.3.3). 
7.3.9 Interpretation 
Computations were carried out in accordance with BS 1377 Part 7 Clause 6.5 
(BSI, 1990). This gives values of average shear strength (kPa) with horizontal 
displacements based on the specimen's mid-way position, for different an'. The 
results are presented in Chapter 9 (see Section 9.5). 
7.4 EXPERIMENTAL ERRORS 
A good review of the possible sources of error with both methods employed have 
previously been highlighted by Bromhead (1979) and Anayi (1990) respectively. 
Bromhead (1979) listed the following sources of errors: 
1. inaccuracies in load measurements, 
2. friction at the centre pin, although these can be reduced by lubrication, 
3. upper load platen tilt, causing binding with the confining ring, 
4. unquantifiable side friction, and 
5. non-uniformity of stress mobilisation, although this will be less significant at 
residual values. 
However, Bromhead (1979) considered that the distribution of stress was close to 
uniform due to the thin specimen size. Anayi (1990) noted that further errors may 
occur with this device and include: 
1. possibly unreliable adhesion between load platen and soil with some 
remoulding of the shear plane occurring, and 
2. continuous reduction in specimen thickness during shear testing, thus limiting 
the duration of the test. 
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The second problem was also noted in this study, both with London Clay and English 
China Clay. It was observed that testing durations greater than 24 hours resulted in 
significant soil extrusion problems. 
To a certain degree the MBRS overcomes these difficulties with much less extrusion 
taking place, although the specimen height was still found to continuously reduce 
during shearing. Anayi et al (1989) considered that this problem would reduce during 
testing, relative to the BRS. 
Anayi (1990) further noted that the MBRS had the added advantage of preventing water 
penetration into the shear plane, which may occur with the BRS. This occurs because 
soil is extruded into the clearance gap between the upper load platen and confining ring 
during consolidation. However, observations made in this study indicated that this 
may result in interference with the consolidation process. This implies that friction 
around the side may be significant. Discussion with Boyce (1991) indicated that this 
may be the case. 
The shear surface formed by the MBRS (see Plate 7.3) showed no evidence of 
undulation side to side, and thus it was concluded that the stress distribution was likely 
to be reasonably uniform. However, due to stress concentration, soil was on occasion 
found to build up behind the vanes, thus yielding non-uniformities. This was more 
noticeable at higher 6', particularly with samples of Lower Lias Clay, although it was 
generally signalled by an imbalance occurring in the proving rings. 
Other sources of error include: 
1. Friction imposed by contact between torque arm and main shaft, although this 
can be reduced by lubrication. 
2. Differential stiffness of the proving rings. 
3. Electronic noise from operation of other laboratory equipment. This can cause 
slight fluctuations in the transducer outputs, causing errors in shear stress 
measurements of approximately ± 0.5 kPa. 
4. Creep of the proving rings under load. This was monitored using the load 
frame previously used to calibrate the proving ring. A 200 N load was applied 
and deflections were measured over the duration period of shear tests. At room 
temperature creep varied very slightly and was found to yield shear stress 
measurement variations of ± 0.4 kPa. Creep of the proving rings at elevated 
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temperatures was monitored using the pneumatic cylinders and temperature 
cabinet used for the vane shear tests. A 300N load was applied once the 
equipment had been acclimatized for 24 hours and creep was monitored. A 
shear stress variation of ± 0.5 kPa was recorded over an 8 day period. 
It is therefore concluded that no test is completely satisfactory. Both BRS and 
MBRS have errors within the methodology, although to a certain extent the 
MBRS overcame some of these, yielding acceptably accurate and precise 
results. 
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Table 7.1 Bonding along Cleavage Planes, Cleavage Mode, 
and Residual Strength (after Mitchell 1976) 
Mineral Mode of 
cleavage 
Bonding along 
Cleavage Planes 
Or' Particle 
Shape 
Quartz No definite cleavage 35 degrees Bulky 
Attapulgite Along (110) plane Si-O-Si, weak 30 degrees Fibrous and 
needle-shaped 
Mica Good basal (001) Secondary valence 17 to 24 degrees Sheet 
(0.5 to 5 kcal/mole) 
+K- linkages 
Kaolinite Basal (001) Secondary valence 12 degrees Platy 
(0.5 to 5 kcal/mole) 
+ H-bonds 
(5-10 kcal/mole) 
Illite Basal (001) Secondary valence 10.2 degrees Platy 
(0.5 to 5 kcal/mole) 
+K linkages 
Montmorillonit Excellent basal(001) Secondary valence 4 to 10 degrees Platy-filmy 
(0.5 to 5 kcal/mole) 
+ exchangeable ion 
linkages 
Talc Basal (001) Secondary valence 6 degrees Platy 
(0.5 to 5 kcal/mole) 
Graphite Basal (001) van der Waal's 3 to 6 degrees Sheet 
MoS2 Basal (001) Weak interlayer 2 degrees Sheet 
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Table 7.2 Typical Residual Friction angles of the Three Clays Tested 
(Data Lupini et al (1981); Cripps and Taylor (1981); 
Skempton (1985) and Anayi (1990) 
Clay type CF Residual Or Range to be 
% Shear modea tested (kPa) 
English China 50 Sliding 15 to 120 150 to 400 
Clay 
Lower Lias 54 Sliding 11 to 160 150 to 350 
London Clay 65 Sliding 8 to 220 150 to 450 
(Weathered) 
a. See Figure 7.2 
Table 7.3 Proving Ring Factors from Calibration Tests 
Temperature 
Proving Room - 200C 55oCb 
Ring 
Proving ring R2 Proving Ring R2 
factor factor 
(N/mm) (N/mm) 
A 93.62 >0.9999 92.30 >0.9999 
B 97.15 >0.9999 96.56 >0.9999 
Ca 157.68 >0.9999 N/A N/A 
Da 159.02 >0.9999 N/A N/A 
a. Correspond to values obtained from new device supplied mid-way through 
research. 
b. Calibration was conducted at working air temperatures. 
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Figure 7.1 Diagrammatic stress - displacement curves at constant 6n' (after Skempton 1985) 
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Figure 7.2 Ring Shear Tests on sand-bentonite mixtures (after 
Skempton 1985) 
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CHAPTER 8 
OEDOMETER TESTS : EXPERIMENTAL METHOD 
8.1 INTRODUCTION 
Based on the extensive literature review presented in Chapter 3, a programme was 
developed to examine the effects of temperature on the compressibility and 
consolidation behaviour of the clays detailed in Chapter 4. Four tests sets in all were 
conducted using fixed ring oedometers up to a maximum pressure of just under 2 MPa. 
The details of each test are discussed herein, together with a brief literature review 
pertinent to the oedometer tests. 
8.2 LITERATURE REVIEW 
8.2.1 Introduction 
The oedometer, or similar devices, used to determine one-dimensional (1-D) 
compression and consolidation characteristics have been in existence for over 
60 years. It is now a well established technique (BS 1377: BSI 1990) which 
has also been used to investigate temperature effects on 1-D volume change 
characteristics. One of the earliest of these investigations was conducted by 
Gray (1936,1938, see Chapter 3). The test itself has been described in detail 
on numerous occasions, together with the factors which can affect results 
obtained such as sampling techniques (Vickers 1983, Bowles 1984, and Holtz 
et al 1986). 
8.2.2 Theoretical considerations 
The theory used for the calculation of the various 1-D parameters is also well 
established, although some controversy still exists concerning the role of 
secondary consolidation or creep in the consolidation process. Imai (1991) 
studied this effect closely, concluding that secondary effects occur throughout 
the consolidation process. However, he considered that specimen thickness 
may influence this. Furthermore, this will vary to some extent with 
mineralogy. Imai (1991) further concluded that the magnitude of primary 
consolidation was dependent on the pre-consolidated state, although this has 
little influence on the overall time required to complete this phase. However, to 
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a certain extent, the latter statement may not be strictly true, especially if 
electrolytic concentrations are altered. This must therefore be related to 
mineralogy. 
8.2.3 Mineralogical and Pore Fluid Chemistry Effects 
Olson and Mesri (1970) described both mineralogical and pore fluid effects 
using a mechanical and a physico-chemical model. They examined both 
sodium- and calcium-kaolinite, illite (illitic clay) and smectite. For kaolinite and 
illite the compressibility was not significantly altered by variations in pore water 
chemistry. The actual position of the curves did vary, however, and this was 
attributed to physico-chemical effects on the soil's pre-loading fabric. Thus 
mechanical forces dominate the 1-D behaviour of these minerals (see Chapter 2, 
Section 2.6), concurring with previous work cited by Olson and Mesri (1970) 
which examined physico-chemical effects on kaolinites. 
However, for smectite, and to a minor extent sodium illite, physico-chemical 
forces dominate behaviour, the most significant effect occurring with mono- 
valent smectites. However, only minor differences were observed with 
calcium-smectites. 
Mesri and Olson (1971) later showed that permeability for both sodium- and 
calcium-smectite was only slightly affected by electrolyte concentration 
differences. As concentration increased so permeability was increased for a 
given void ratio, these effects being most significant at high void ratios. 
Sridharan et al (1986) further showed that smectites initially homoionized with 
mono, di- and trivalent cations exhibited different 1-D characteristics, the mono- 
valent smectites showing the slowest consolidation rates and lowest 
permeabilities. 
8.2.4 Correlations 
The compression index (Cc) has been empirically correlated to parameters such 
as LL, void ratio at LL (eL) and natural moisture content by many authors to 
give an independent assessment of its value (Terzaghi and Peck 1967, Wroth 
and Wood 1978, Nagaraj and Srinivasa Murthy 1986). Nagaraj and Srinivasa 
Murthy (1986) critically re-examined these in terms of a micro model based on 
double layer theory. Using this and work from previous studies they related a 
normalised void ratio (%L) to (R-A) which relates physico-chemical forces (see 
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Chapter 2, Sections 2.5 and 2.6). However, this relationship stems from the 
Gouy-Chapman diffuse double layer theory, which is mostly inapplicable to 
clay (see Chapter 2, Section 2.4). Furthermore (R-A) is difficult to quantify 
(see Chapter 2, Section 2.4), although using these concepts rationally would 
appear valid. Based on this and data from eleven soils, Nagaraj and Srinivasa 
Murthy (1986) related (e/eL) to the logarithm of consolidation pressure (logp). 
Using this relationship for normally consolidated, saturated, uncemented soils, 
they related e or eL to Cc by 
Cc = 0.2343 eL (p > 150 kPa) (8.1) 
and Cc = 0.39e (p < 150 kPa). (8.2) 
Thus Cc was found to be independent of consolidation pressure above 150 kPa. 
This independence of Cc to consolidation pressure above p= 150 kPa concurs 
with a similar observation made with respect to temperature by Plum and Esrig 
(1969, see Chapter 3, Section 3.4.2), who observed that Cc was independent of 
temperature above consolidation pressures of 200 kPa. This infers that there 
are analogies between temperature and pressure applied to soil (see Chapter 3, 
Section 3.8). Furthermore, osmotic or physico-chemical forces may have 
significance at low pressures (p < 150 kPa), which in turn must relate to 
mineralogy (see Section 8.2.3). 
Nagaraj and Srinivasa Murthy (1986) further noted that other correlations 
derived empirically were consistent with their rational approach. However, 
such correlations are generally only applicable to normally consolidated, 
saturated, uncemented clays. A large majority of natural deposits are either 
overconsolidated or partially cemented or both, which limits the use of such 
relationships. 
8.3 EXPERIMENTAL PROCEDURES 
8.3.1 Aims and Objectives 
The overall aims and objectives of this part of the investigation were as follows: 
1. To examine the compressibility characteristics of different clays over a 
range of temperatures. 
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2. To examine the consolidation behaviour of some clays over the same 
temperature range. 
3. To compare the effects of temperature on different clays in the context 
of their compositional nature, primarily mineralogy. 
4. To examine the effect of temperature on the permeability of clay and 
make comparisons. 
5. To examine the significance of initial consolidated state on the effect of 
temperature. 
6. To examine the significance of pore fluid polarity on temperature 
effects. 
To achieve these aims fixed ring oedometers were used in compliance with 
BS 1377 Part 5 Clause 3 (BSI 1990). Slight modifications to the procedures 
were necessary in order to control temperature and these are discussed below in 
Section 8.3.4. 
8.3.2 Experimental Programme and Materials Used 
To achieve the objectives listed in the previous section, it was necessary to 
break the overall programme into five main test sets. Due to limitations of time 
and maintenance being conducted in the laboratory mid-way through the 
programme, Test set 3 was substantially reduced (see Section 8.3.2.3 and 
8.3.2.4 below). Testing was generally limited to load cycles only, with no 
unloading being examined except in Test set 4. The range of pressures used in 
the test programme are given in Table 8.1. 
8.3.2.1 Test set 1: Undisturbed versus reconstituted samples 
This was conducted on samples of undisturbed and reconstituted London and 
Oxford Clays. Samples were initially provided in U100 tubes from Stangers 
and were tested in accordance with BS 1377 (BSI 1990) between 25 and 600C. 
Once complete samples were then reconstituted (see Section 8.3.6) and tested 
under the same conditions, from which a direct comparison could be made. 
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8.3.2.2 Test set 2: Reconstituted samples 
Samples of English China Clay (ECC) representing a kaolinite, Wyoming 
Bentonite (WB) representing a smectite and Keuper Marl were first 
reconstituted and tested in accordance with BS 1377 (BSI 1990). For ECC and 
Keuper Marl temperatures between 25 and 700C were used, and for WB 25,40 
and 60°C only were used, due in part to the duration of each test. Specimens of 
WB were tested at 700C but problems occurred with temperature control and 
thus were abandoned. 
8.3.2.3 Test set 3: Paraffin tests 
Tests were conducted on samples of WB and ECC mixed with paraffin instead 
of water. A full COSHH assessment was carried out with the necessary safety 
measure being implemented. Unfortunately, due in part to delays associated 
with this and laboratory maintenance, which would have caused significant 
disturbance to the oedometers, the programme was reduced to fit into the time 
available. Thus both clays were only tested at 25 and 40°C. 
8.3.2.4 Test set 4: Load-unload cycles 
A series of trial tests was conducted on ECC using two load-unload cycles, one 
at 250C and the other with the first cycle at 250C and the second at 400C. 
However, due to the constraints of the main objectives and time, no further 
specimens were tested. 
8.3.2.5 Test set 5: Trial creep test 
A specimen of Keuper Marl was subjected to a creep test over a5 day period 
under a load of 27 kPa. Further to this the specimen was heated from 250C to 
300C, then to 400C and finally to 500C over this period. However, no 
significant changes occurred due to the application of heat. Thus within the 
constraints of the overall programme this test set was subsequently not 
continued. 
8.3.3 Apparatus 
8.3.3.1 Oedometers 
Two types of standard fixed ring oedometers were used for the testing, namely 
Leonard Farnell and Wykeham Farrance Bishop type devices. Vertical loads 
were applied to the specimen by dead weights added to a counterbalanced lever 
arm via a loading yoke, which could be adjusted to maintain the lever arm in a 
level position. In some cases, such as with WB, it was necessary to start the 
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load increment with the lever arm inclined slightly, such that the mean position 
of the arm was level. Load was subsequently transferred to the specimen via 
either a pre-greased ball bearing (Leonard Farnell device) or a pre-greased 
rounded end of the load shaft (Bishop type), thus ensuring that no moment was 
transferred to the load platens. Pressures of just under 2 MPa represent the 
maximum safe working load that could be applied to the load yokes, thus these 
were used as the last load increment. 
8.3.3.2 Vertical measurements 
Initially vertical measurements were to be made by LVDTs similar to the ones 
used with the Bromhead Ring Shear tests (see Chapter 7, Section 7.3.4). Thus 
monitoring would be fully automatic. However, problems were found with the 
precision of the measurements, which proved insufficiently accurate to use. It 
was therefore decided that dial gauges (0.002 mm per division / 12mm travel) 
would be used, calibration of these having previously been carried out by the 
technical staff during routine laboratory maintenance. 
It is worth noting that due to the large displacements associated with Wyoming 
Bentonite specimens, the dial gauge had to be reset mid-way through the load 
cycle. This was performed at the end of one of the load increments, and thus 
no errors were incurred. 
8.3.3.3 Specimen ring 
Rings used for testing were made of stainless steel and had silicon grease 
liberally applied to the inside walls to reduce friction (discussed below see 
Section 8.4). The height and internal diameter of all rings used were in 
compliance with BS 1377 (BSI 1990). The rings themselves were held in place 
by an outer confining ring which was clamped securely into place. 
8.3.4 Temperature Control 
8.3.4.1 Test sets 1,2,4 and 5 
To control the temperature of the water that surrounds the specimen, and hence 
the test temperature, a Techne Tempette junior TE-8J bath heater was used. 
This first heated water in a bath before pumping hot water to the test cell. The 
temperature was adjusted until the required temperature in the cell was achieved. 
Generally, it took approximately 2 hours to achieve the desired temperature. 
The system used is illustrated in Plate 8.1, the insulation having been removed 
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for illustration. This type of bath heater further incorporated stirrers to ensure a 
uniform temperature distribution within the bath. 
Insulation was provided to the inlet tube via tissue paper wrapped around it. 
Around the bath expanded polystyrene was placed if required and then the bath 
was covered with layers of plastic to reduce evaporation losses. The cell itself 
was also covered with clear plastic, again to reduce evaporation losses. This 
enabled a range of temperatures up to 700C to be used. 
The inlet and outlet tubes were placed at opposite ends of the cells to enable hot 
water to properly circulate around the cell. An overflow tube was further 
incorporated, to ensure that the level of water in the cell was maintained. 
Temperatures were monitored in several places across the cell via a portable 
thermocouple thermometer. The overall variation was found to be ± 30C across 
the cell. However, at the end of each test the specimen's temperature was 
measured and the variation was found to be much lower (± 0.50C). It was 
therefore concluded that although some variation across the cell occurred, the 
actual variations within the specimens themselves were much less and so can be 
considered insignificant. 
A minimum temperature of 250C was used to ensure that this was the maximum 
previous temperature experienced by the sample (ie its preconsolidation 
temperature). This was subsequently used as the main reference temperature 
throughout. 
8.3.4.2 Test set 3 
Here paraffin (which will be referred to as cell paraffin) was first pumped from 
a reservoir by a variable speed peristaltic pump, through an inlet tube, which 
was placed in a water bath and heated as required (see Plate 8.2). This supplied 
heated cell paraffin to the test cell, which was drained back to the reservoir and 
thus the temperature could be controlled as required. Temperature variation 
across the cell was small, being of the order of ± 0.50C, and thus was deemed 
satisfactory. 
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8.3.5 Calibration 
The creep characteristics of the apparatus used were monitored using a similar 
method to that described in BS 1377 (BSI 1990). A stainless steel disc, of 
similar proportions to the test specimens, was placed into each apparatus in turn 
between dry filter paper (the same as that used for normal testing). Loads 
applied corresponded to the stress range used for each sample, with each 
calibration being repeated at least three times except for Wyoming Bentonite, for 
which only two calibration runs were conducted due to their duration. From 
this an average value of deflection corresponding to apparatus creep was 
determined for each stress increment and an appropriate correction made to the 
measured displacements. Calibrations were conducted over the full duration of 
the test, from which creep with respect to time could be monitored and hence 
consolidation plots could also be corrected. 
To monitor thermal effects the same method as described above was employed, 
with the exception that water at temperatures corresponding to the maximum 
operating temperature were used to flood the cell. Again calibrations were 
conducted over the duration of each test, with two runs per specimen stress 
range being used. No intermediate temperatures were monitored because the 
overall effects proved insignificant and well within experimental errors (see 
Section 8.4). This is especially true when comparing these effects to the overall 
displacement recorded, particularly for Wyoming Bentonite. Even with the 
stiffer, undisturbed samples these effects were insignificant. Thus correction 
based on values determined under room temperatures only were applied, since 
no significant errors would be incurred. This was found to be the case even 
when the samples were subjected to a rise in temperature from 25 to 70°C. 
8.3.6 Sample Preparation 
8.3.6.1 Sample preparation : Test set I 
Specimens of undisturbed London Clay and Oxford Clay were prepared in 
accordance with BS 1377 Part 5 Clause 3.3 (BSI 1990). The surface flatness 
was checked with a flat edge to ensure an even surface. On occasion it proved 
necessary to push remoulded material around the edges of the specimen where 
voids had formed during sampling. 
For comparison, and to examine if any unusual effects would occur, 
reconstituted specimens were also tested. Samples were first oven dried for at 
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least 24 hours before being crushed to a 425 micron size fraction. Once 
crushed samples were mixed for 1 hour with pre-boiled water that had been 
allowed to cool, after which the samples were stored in three separate plastic 
bags under stable room conditions. Occasionally the bags were remoulded by 
hand to ensure an even distribution of water throughout. This maintained a 
homogeneous and compositionally consistent sample throughout the 
programme. Originally distilled water was used to mix the sample but, due to 
problems with distilled water's nature (see Section 8.3.7.5), this was rejected 
and the samples were discarded. 
To compare initial state specimens were tested over the same stress range (Table 
8.1). Initially samples were mixed at the same moisture content as when in an 
undisturbed state. However, this proved unsuccessful due to the low initial 
saturations that were achieved (approximately 70%). The moisture content was 
adjusted in order to achieve approximately 100% saturation. Any specimens 
found to be less than 95% saturated were rejected. Initial trials on specimens 
mixed at their LL indicated that extrusion problems would occur when tested 
under this stress range (see Table 8.1). 
Once at the required moisture content, specimens were placed into pre-greased 
rings ensuring that air entrapment was kept to a minimum. The flatness of the 
specimen was checked as described above, then filter paper was added and 
initial measurements were made prior to testing. A similar method was 
employed with undisturbed samples. 
8.3.6.2 Sample preparation : Test set 2,3 and S 
All three clay samples were first reconstituted with pre-boiled water at the LL, 
mixing being carried out for one hour. This moisture content was used to 
ensure that the samples would be normally consolidated but manageable. Once 
mixed samples were stored in three plastic bags and placed next to the samples 
from Test set 1. Specimens were then placed into pre-greased rings at 
approximately their LL, again ensuring that air entrapment was kept to a 
minimum. Any specimens below 95% initial saturation were again rejected. 
However, problems occurred when placing specimens of Keuper Marl into the 
rings at its LL, since at this moisture content it proved to be unworkable and 
thus the moisture content was reduced slightly. It was necessary with 
specimens of Wyoming Bentonite to completely remould them to ensure that 
their initial fabric was as consistent as possible prior to testing. The surface 
level was checked with a flat edge and initial measurements were taken. Filter 
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paper was placed on the top and bottom of the specimens to allow them to be 
taken to the apparatus for testing. 
8.3.6.3 Sample preparation : Test set 3 
Samples of Wyoming Bentonite and English China Clay were first oven dried 
over a period of a week before being cooled in a desiccator. Samples were then 
mixed at their respective LL prior to each test being conducted. 
Initially industrial grade paraffin was to be used, due to it having a high flash 
point (over 100°C). This was also used as cell paraffin (see Section 8.3.4.2). 
However, when the specimens were mixed with this paraffin, it was found to 
be impossible to evaporate the liquid off and thus no fluid content 
measurements could be achieved. This was even true after placing specimens 
under a vacuum at 1200C. It was therefore decided to use normal domestic 
paraffin as the pore fluid and the industrial paraffin as the cell fluid. 
The values of LL and PL corresponding to this liquid are shown in Table 8.2, 
testing having been conducted in accordance with BS 1377 (BSI 1990). A total 
of three tests were conducted on each sample. This was necessary particularly 
with Wyoming Bentonite samples, which proved very difficult to test (see 
Chapter 10, Section 10.2.5). 
Once mixed at their respective LLs specimens were placed into pre-greased 
rings, which had previously been placed on the lower porous disc with a piece 
of filter paper placed on it. Once the specimens had been carefully compacted 
into the ring, ensuring air entrapment was minimal and no paraffin extruded 
from mixture, their surface flatness was checked. Thereafter initial 
measurements were made prior to the specimens being taken for testing. 
8.3.7 Test Procedure 
8.3.7.1 Apparatus assembly 
The porous disc and load platens which had porous discs attached were first 
boiled in water in accordance with BS 1377 (BSI 1990), except that pre-boiled 
water was used throughout. Once cooled, the disc and load platens were 
removed and the specimens set up in the apparatus as specified in BS 1377. 
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For tests with paraffin both the lower porous disc and load platen were soaked 
for 24 hours in paraffin prior to testing. Initial apparatus assembly was again in 
accordance with BS 1377. 
8.3.7.2 Loading 
Loading was conducted with reference to BS 1377 using the ranges shown in 
Table 8.1. For undisturbed specimens (Test set 1) a relatively high initial stress 
was used because below this value no deflection was observed. For the 
remaining specimens (Test sets 2 to 5) specific reference was made to BS 1377 
Part 5 Clause 3.5. 
Each load range was repeated for each specimen at each temperature at least 
once. Load ratios equal to unity were used in all cases except one, where 1.4 
was used due to the weights available. The load durations detailed in Table 8.1 
were chosen to ensure that the primary phase was completed. Plots were used 
to verify these times, the data being subsequently used to determine 
consolidation characteristics (see Section 8.3.8). 
All specimens were initially loaded at 25°C, after which the temperature was 
increased during the second load increment to the desired test temperature and 
this was maintained for the duration of the test. A period of four hours was 
deemed suitable to allow the specimen to obtain this temperature, based on 
initial trials. It was for this reason that the second load increment applied to 
English China Clay took four hours. For all other specimens changes to the 
load durations were not necessary. 
Once complete the apparatus was dismantled and the final moisture content was 
recorded. 
8.3.7.3 Consolidation data 
The consolidation properties were determined in accordance with BS 1377, 
recording data over a range of times. However, for English China Clay it 
proved necessary to record the dial gauge readings using first a high speed 
camera and later a Hitachi closed circuit television (CCTV) camera, linked 
firstly to a National Panasonic recorder and later to a normal VHS video 
recorder. This was necessary due to the speed at which consolidation took 
placed, particularly under high stresses and high temperatures (t100 was 
approximately 2 to 5 minutes). Both techniques used gave repeatable results 
and thus were valid. However, the CCTV camera was more precise and was 
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subsequently used throughout the rest of this programme where necessary. The 
stress was applied in both cases after each camera had started to operate and 
thus the effect of initial application of stress could be noted. Another advantage 
of the CCTV camera and video link up was that testing could be carried out by 
one person, whereas the high speed camera required at least two operators. A 
digital clock was placed next to the dial gauge enabling both time and dial gauge 
reading to be precisely recorded. 
8.3.7.4 Paraffin test : Consolidation data 
A similar technique as described in the previous section was used to record 
consolidation data. However, even with this apparatus consolidation was too 
fast to measure. The difficulties occurred particularly with readings taken over 
the first second. Plots using both the logarithm of time and square root of time 
methods gave too large a scatter to accurately determine the corrected zero 
compression point (do), thus no further calculation was attempted. One 
possible method which may enable permeabilities, at least, to be measured is a 
modified falling head permeameter, and this may be worth considering with any 
future investigations. 
8.3.7.5 Pore fluid considerations 
As has previously been mentioned pre-boiled water had to be used as both pore 
fluid and circulation water. Distilled water was originally to be used but, due to 
its nature and the temperatures employed, it would have steadily corroded the 
pump mechanism which could thus change the pore fluid nature throughout 
testing. Although this was not anticipated to affect the results of kaolinite and 
possibly mudrock, it could adversely affect the behaviour of Wyoming 
Bentonite (see Chapter 2, Section 2.6 and Section 8.2). Therefore it was not 
used. The use of the same type of water ensured that osmotic effects were 
minimal. 
To check this and any other inconsistencies, each test was repeated. To further 
ensure pore fluid consistencies, prior to a new clay sample being tested the 
water bath was cleaned and the water replaced, together with the pump being 
flushed and cell cleaned. 
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8.3.8 Interpretations 
Calculation of compressibility and consolidation characteristics has been carried 
out in accordance with BS 1377 Part 5 Clause 3.6 (BS 1990). The initial height 
of the specimens was taken as the height of the ring. All consolidation data 
were determined by the logarithm of time ('log time') curve-fitting or root time 
fitting methods. To eliminate any deviation associated with the first load 
increment, all compression plots were normalised with respect to a common 
void ratio at the end of the first load increment. Thus the effects of increasing 
and steady state temperatures could be measured and investigated. 
Consolidation data were also calculated based on their normalised data (see 
Chapter 10). Reference was additionally made to Clause 3.6.4, which gives 
details of proposed correction factors. These should be multiplied by the 
derived values of the coefficient of consolidation cv, see Table 8.3. 
Using consolidation data the coefficients of permeability for each of the clays 
could also be determined and comparisons made. 
8.4 EXPERIMENTAL ERRORS 
One of the more obvious sources of error is side friction between the soil and the ring 
during compression. To reduce this to a minimum, silicon grease was applied to the 
ring's inner surface. The effectiveness of this was illustrated by the ease with which 
specimens were removed from the ring at the end of each test. 
However, if the load platen tilts problems of load distribution may occur and if it tilts 
by a sufficient amount it may even become trapped. These effects are usually 
noticeable and can be reduced by lightly greasing the ball bearing or end of load shaft. 
Further improvements can be made by ensuring that the specimen is evenly compacted 
into the ring. Generally, this problem did not occur, although the apparatus had to be 
levelled to ensure this. 
Errors can be induced by load variations during consolidation, resulting from the lever 
arm rotating through its mean position. However, this can be considered minimal as 
long as deviation from the mean position is not too large (i. e. an arm rotation in the 
order of 20 from the mean position). Such deviations resulted in changes of pressure 
of the order of 1% throughout each load increment. However, for the largest 
increment such deviations were slightly more significant, up to a maximum of 2%. 
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This was because the lever arm could not, in all cases, be adjusted to the mean 
horizontal position. 
Some error is also incurred in the accuracy of load measurement. This will tend to be 
most significant with the lower pressures and is of the order of 1%. 
Thermal effects on the measurements made may result in errors from several sources. 
The effect on the apparatus when measured (Section 8.3.5) was within measurement 
errors (see below) and thus is insignificant. Thermal expansion of the ring will occur 
when the specimen is heated by 450C (25 to 700C), but this was found to have only a 
minor effect, since the volume change inside the ring was found to be less than 1%. 
This is insignificant especially when considering that the solid particles will also have 
expanded. Due to the similarity in thermal expansions of solid and the ring, this effect 
to a certain degree will be self-compensating and thus can be ignored. However, 
during such temperature changes it is likely that some change to lateral stresses may 
result, although these are difficult to quantify. Furthermore, the density of the solids 
and the equivalent height of soil particles are unlikely to be significantly changed due to 
the solid's low coefficient of thermal expansion (typically 3.5 x 10-5 per °C). Thus 
overall errors incurred due to thermal effects are considered insignificant with the 
apparatus and techniques used in this study. 
One of the most significant sources of error is that induced from disturbance to the 
apparatus. Considerable care was taken to reduce these to a minimum, although some 
disturbance was inevitable in a busy laboratory. Unfortunately it is only possible to 
estimate these errors. Using the variations in deflections recorded during repeated 
creep tests, these were estimated to be ± 0.015mm. However, it should be noted that 
the significance of this error in void ratio calculation is less, although it varies from clay 
to clay and will be more significant with the stiffer undisturbed samples. 
When compressibility data are plotted and calculated errors are further induced by 
plotting. For void ratios this is of the order of ± 0.003 in general, although for 
Wyoming Bentonite this will be larger but less significant due to its large displacement 
under load. Errors in determination of the absolute values of void ratio will occur due 
to errors in determining: the initial specimen height, area of specimen, initial mass and 
initial moisture content. Thus the equivalent height of soil particles will be erroneous, 
therefore so will the calculations of void ratio. However, the change in void ratio per 
load increment is not significantly altered by this error, therefore results normalised 
with respect to the same initial void ratio will enable both compressibility data to be 
determined coupled with any relative changes reasonably accurately. 
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The effect of apparatus creep has already been determined and, as this error is largely 
accounted for, it is thus considered insignificant. 
Errors will be further incurred when plotting consolidation data. Due to a combination 
of measurement and plotting errors, errors will be incurred in determination of c, 
Overall the determination of the 50% consolidation deflection (d50) was estimated to be 
± 0.01mm. Errors will also be incurred when calculating the time of 90% 
consolidation (t90). These will result from the graphical technique used in this analysis. 
Finally errors may be incurred due to pore fluid chemistry differences. The 
significance of these varies with mineralogy, the smectitic clays being most 
significantly affected. Every care was taken to ensure that this was consistent. It is 
worth noting that with undisturbed samples pore fluid difference inevitably occurs and 
so this could have a significance. A method of checking this could be to compare the 
results with those of remoulded specimens tested over the same stress range at the same 
temperature. If any deviation occurs one possible explanation is pore chemistry effects, 
and this should be considered in future tests. 
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Table 8.1 Pressures used in oedometer tests and initial 
sample state 
Load Increment 
Clay Pressure Range (kPa) Duration 
Undisturbed 
London Clay 62 to 1980 24 hours 
Undisturbed 
Oxford Clay 62 to 1980 24 hours 
Reconstituted 
London Clay 62 to 1980 24 hours 
Reconstituted 
Oxford Clay 62 to 1980 24 hours 
Reconstituted Initial pressure applied for 
English China Clay 7 to 1980 24 hours. Second pressure 
& heat applied for 4 hours, 
subsequent pressure 
applied to end of primary 
consolidation 
Reconstituted Initial pressure applied for 
Wyoming Bentonite 13 to 990 4 days, second increment 3 
days + heat, subsequent 
pressure applied over 
3 day period. 
Reconstituted 
Keuper Marl 11 to 1742 24 hours 
Reconstituted Initial and second pressures 
English China Clay and + heat applied over 24 hours, 
Wyoming Bentonite subsequent pressures 
+ Paraffin 11 to 856 applied to end of primary 
consolidation. 
Reconstituted load 32 to 495 
English China Clay, unload to 62 24 hours 
2 load-unload cycles reload to 1980 
unload to 62 
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Table 8.2 Atterberg Limits of Wyoming Bentonite and 
English China Clay with paraffin 
Clay Liquid Limit 
% 
Plastic Limit 
% 
Wyoming Bentonite 44 NP 
English China Clay 74 NP 
Note: NP = Non Plastic 
Table 8.3 Consolidation correction factor relative to 200C 
(after BS 1377 : BSI 1990) 
Temperature Factor (to multiply) 
Relative to 20°C Relative to 25°C 
20 1.00 1.14 
25 0.88 1.00 
30 0.80 0.91 
40 0.66 0.75 
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Plate 8.1 Oedometer test set up (insulation removed for clarity) 
Plate 8.2 Oedometer test set up for paraffin tests 
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CHAPTER 9 
RESULTS : SHEAR TESTS 
9.1 INTRODUCTION 
This chapter discusses the results obtained from the shear tests, the methodologies of 
which have been described in Chapters 5,6 and 7 respectively. To aid clarity of 
presentation the bulk of the results are contained within Appendices A, B, C and D, 
although certain results have been highlighted in this chapter (see Figures 9.1 to 9.16). 
The discussions below have been subdivided into three main sections corresponding to 
each test type, namely liquid limit, vane shear and residual shear tests. 
9.2 Compositional data, re-examined 
Before any discussion can be made it is necessary to re-examine the clays' 
compositional data. From Chapter 4 it can be seen that the clays tested have a wide 
range of mineralogies and thus are expected to behave in a variety of ways. Samples of 
Wyoming Bentonite (WB) and English China Clay (ECC) are near to being of one 
mineral species, containing a sodium-dominated smectite and a well crystalline kaolinite 
respectively. However, for WB the values of Liquid Limit (LL) and cation exchange 
capacity were slightly lower than expected and could be due to the small amount of 
silica present. However, these values are not significantly lower than typical ones, and 
the difference is not large enough to be considered important (see Chapter 4, Table 
4.1). ECC shows the typically low value of cation exchange capacity normally 
associated with this mineral, thus this, coupled with its particle size and shape, 
indicates that physico-chemical effects are much less significant than with WB. 
Furthermore, organic, sulphate and carbonate contents were close to zero for both 
clays, and thus are not present in sufficient amounts to be considered influential. Thus, 
both materials serve as good reference clays from which to examine thermal effects. 
A wide variety of minerals, both clay and non-clay, are associated with the natural 
mudrocks, and thus they are physico-chemically complex. 
Keuper Marl has a relatively high carbonate content and some sulphate present, as well 
as having a low cation exchange capacity. Magnesium and calcium are the dominant 
exchangeable cations, these occurring largely from the dolomite and gypsum associated 
with this material. The main clay minerals are illite and chlorite and it has particles 
which typically form aggregated ped units, which make grading analysis difficult (see 
Chapter 4, Section 4.2.3). Furthermore, it exhibits the lowest plasticity of all the clays 
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tested, due in part to these ped (silt size) units. No organics were found in this 
material. 
Lower Lias Clay contains disordered kaolinite and illite and has a LL equal to that of 
ECC, although it is more plastic (has a higher PI) presumably due in part to the smaller, 
less crystalline clay minerals present. It is worth noting that the organic content was 
high (approximately 6%) and that this could influence the results obtained (see Chapter 
2, Section 2.6 and Chapter 3). This organic content was associated with the shallow 
depths that the material was obtained from. This Lower Lias sample also had a 
relatively high sulphate and carbonate content, and thus is chemically very complex. 
London and Oxford clays have similar complex physico-chemical natures containing 
mainly illites and kaolinites (normally in a disordered form) together with sulphates and 
carbonates. No organics were found with London clay, whereas approximately 3% 
was found in Oxford clay. However, this latter value remains below 5%, the amount 
previously indicated as the cut off between organic and inorganic physico-chemical 
behaviour (see Chapter 2, Section 2.6), and should not adversely influence the results. 
Associated with all four mudrocks are a range of cation exchange capacities, although 
they are reasonably typical for each material and any variations can be attributed to the 
materials' natural variability. 
Variations were also noted in the LL of London and Oxford clays after several cycles of 
oven drying and reconstitution (see Table 4.2). The colour also changed, indicating 
that a process similar to weathering action had occurred and thus explaining the changes 
in LL. Weathering action has been previously noted to affect LL in this way (Cripps 
and Taylor, 1981). 
Variation of the Atterberg Limits of WB: ECC mixtures were also noted (see Chapter 4, 
Table 4.2 and Table 9.1). This clearly shows that as the percentage of WB increases so 
the LL and Plasticity Index (PI) increase. The increases in LL were approximately 
proportional to the changes in WB content. However, it was noticed that a drop in the 
Plastic Limit (PL) occurred with the mixtures of WB and ECC, the values falling 
significantly below those of either ECC or WB in a pure form. This accounts for the 
greater than proportional changes in PI with WB content (see Table 9.1). A similar 
trend had previously been observed with such mixtures by Seed et al (1964a). These 
effects are related to association of the WB particles with the edges of the larger more 
bulky ECC particles. Thus at the LL the high water adsorption capacity (which is a 
1) 1) 
maximum at the LL, as reported by Grim, 1968) of WB determines the LL of the 
mixture. Thus as WB content increases so the LL increases. 
However, at the PL double layers interact and contacts, although more solid in nature, 
are still influenced by WB particles. These yield an added 'lubrication' effect and thus 
less water is required to achieve the PL. However, when in a pure form WB exhibits a 
more aggregated effect which is not easily removed during testing, and thus a higher 
PL is achieved with the uniform material. 
9.3 LIQUID LIMIT TESTS 
9.3.1 Liquid Limits (specimens stored for 24 hours) 
The various penetration versus moisture content plots for the clays tested are 
illustrated in Appendix A, Figures Al to A20. It should be noted that although 
a minimum of 15 data points were collected above a penetration of 14mm (see 
Chapter 5, Section 5.3.3) occasionally 2 or 3 points had to be removed because 
of anomalies associated with testing. These anomalies were attributed to such 
influences as the cone not having been cleaned properly, yielding falsely low 
penetration values, or data points that had high statistical residual values, an 
effect which was particularly noticeable at the higher penetrations (i. e. greater 
than 30mm). Furthermore, viscous and dynamic effects are more significant at 
these penetrations (see Chapter 5, Section 5.3). In addition, errors were 
incurred when testing at 60 and 800C (see Chapter 5, Section 5.3). 
All statistical analysis was carried out using Minitap, thus the significance of 
each of the plots in a linear form (Appendix A) was determined. The results 
pertaining to this section are given in Table Al. Analysis of variance due to the 
scatter of data was carried out by the F-test. The t-test was performed to check 
the statistical significance of the gradient and intercept respectively, and thus 
that of the LL values themselves. 
From Table Al it can be seen that firstly the coefficient of correlation in all cases 
was greater than 0.9, indicating the correlation was sufficiently good. From the 
F-test data it can be seen that a straight line relationship between penetration and 
moisture content over the range tested is a good approximation, with a 99.9% 
level of significance. This was further indicated by the limited scatter of the 
points on either side of the regressed lines (see Appendix A). The t-test data 
indicated that in all but three cases the gradients and intercepts are significant to 
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99.9%. In these three cases the level of significance was greater than 95%, and 
thus still considered to be good. Hence it can be concluded that the data were 
statistically significant in a linear form. Thus the Liquid Limit values calculated 
are repeatable, although an error band will occur. The values corresponding to 
a 95% confidence interval in each case are shown in Figures 9.1 and 9.2 for the 
appropriate data. The corresponding error band for temperature has been 
omitted from Figures 9.1 and 9.2 for clarity of presentation. The range 
typically encountered has already been discussed in Chapter 5, Section 5.3. 
Upon examination of the figures in Appendix A corresponding to ECC, WB 
and ECC: WB mixtures, a clear trend developed with respect to temperature. 
With ECC there is a definite trend develops with the penetration versus moisture 
content lines shifting to the left, thus indicating that a slight reduction in LL 
occurs with increased temperature (see Figures A7 and A8). The gradients, 
however, were approximately the same, although a slight increase was 
observed with reduced temperature. 
With WB however the opposite trend can be clearly seen, with increased 
temperature increasing LL and reducing the gradient of the penetration versus 
moisture content plots. This therefore implies that a strength change for a given 
change in moisture content reduces with increased temperature. This trend was 
also observed with WB: ECC mixtures, although these changes reduced as ECC 
content increased. These effects are better illustrated in Figure 9.1, and Figure 
9.2 for the ECC alone on a more appropriate scale. The lines drawn in Figure 
9.1 are only intended to indicate the general trend and have not been drawn to 
produce a definitive relationship. It should be noted that such a relationship 
could be misleading, firstly because the values at 60 and 800C contain the 
largest errors and secondly because there are only five data points per line. 
Figure 9.3 further illustrates these trends by relating LL at the different 
temperatures to the LL at room temperature ( 200C). Figure 9.4 illustrates the 
slight reduction in LL observed with ECC at elevated temperatures. 
These slight reductions in LL with ECC are expected as the interparticle bond 
strength reduces with increased temperature (see Chapter 3, Section 3.2). Thus 
an indirect shear test such as this is expected to exhibit reduced strength and 
hence the moisture content to achieve a given strength, such as that at the Liquid 
Limit, reduces. However, overall these effects are small, as would be expected 
from a clay dominated by solid contacts (see Chapter 2, Section 2.6). Thus 
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within normal laboratory variations thermal effects can be considered to have a 
negligible effect on the LL of ECC. It is noteworthy that the LL values obtained 
from specimens tested in this way were slightly greater than the values obtained 
by the normal British Standard method (see Section 9.3.2). 
In contrast, with WB and WB: ECC mixtures a clear increase in LL occurred as 
temperature was elevated. It is considered that increased temperature promotes 
flocculation (see Chapter 3, Section 3.11) and accounts for the results 
observed, this dominating any other temperature effects. Temperature has 
previously been observed to reduce the time for a flocculated structure to form 
with bentonitic clays (Marshall 1964). 
This was further indicated by the slight swelling that occurred with these 
specimens when stored at the higher temperatures. If this behaviour was 
associated with a non-continuous, dispersed fabric as a result of swelling, the 
LL would be expected to reduce. A flocculated fabric is also more voluminous 
and thus flocculation could account for the swelling observed. 
Thus at high temperatures the LL is increased, more water being required to 
achieve the same strengths. A similar trend with kaolinite: WB mixed samples at 
elevated temperatures has been previously observed in the literature (see 
Chapter 3, Section 3.2), these effects being most significant with WB and 
reduce as WB content reduces. Figure 9.3 shows that percentage increases in 
LL with temperature were erratically related to WB content. Thus the presence 
of WB or sodium smectite seems the most significant factor, and not the actual 
percentage of WB, when changes are related to LLs at room temperature. 
Therefore, these physico-chemical effects counteract and dominate the overall 
thermal effect. Thus this indicates that the effect of temperature on smectites is 
significantly different from that on kaolinites. Hence this explains the 
contradiction found in the literature. Therefore, any correlation between 
temperature and LL should take account of mineralogical differences between 
clays or samples of a clay type. Furthermore, Muhunthan (1991) correlated LL 
to specific surface area, which implies that temperature would have no effect on 
the LL. This is because no changes in surface area would be expected to occur 
with temperature since clays have a relatively low thermal expansion coefficient 
(Mitchell 1976). It can therefore be concluded that straightforward correlations 
( e. g. LL versus compositional parameters such as surface area) may not always 
be fully relevant due to the mineralogical and environmental differences 
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associated with different clays. However, the magnitude of change in the LL 
with temperature appears to relate positively to the specific surface area. Clays 
with higher specific surface areas exhibited the greatest change in LL with 
temperature, e. g. ECC in comparison with WB. 
Clearly then compositional data, particularly mineralogy, are important. This 
was further highlighted by tests conducted on Lower Lias Clay (see Figures 
A3, A4 and 9.2). At first glance a complex effect appears to occur with 
temperature at 10 and 80°C, the LL values being higher than at 19,40 and 
600C. This can be explained, however, by the fact that the 10 and 80°C LL 
values were determined from a different sample batch, although both samples 
were obtained from exactly the same source. This illustrates how index tests, 
and hence compositional characteristics, can vary from sample to sample, thus 
implying that similar differences occur with respect to other properties. From 
Appendix A it can be seen that with the 10 and 80°C tests significant changes in 
gradient occurred, the trend following that of WB. However, with tests 
conducted at 19,40 and 600C no noticeable change was observed, and this 
could relate to variation in organic, carbonate and sulphate contents between 
batches. 
Even so the trend with regard to elevation of temperature on LL was similar 
with both sample batches (i. e. the lines for both batches joining the relevant data 
points in Figure 9.2 are approximately parallel and rise with temperature), 
indicating consistent behaviour. Overall, the change in LL for both samples of 
Lower Lias Clay with temperature was relatively low consistent with the fairly 
low value of specific surface area exhibited by this material (see Chapter 4, 
Tables 4.1 and 4.2). 
Tests conducted on Keuper Marl indicate a similar trend with temperature to that 
which occurred with Lower Lias Clay (see Figures 9.2 and 9.4). It is possible 
that at elevated temperatures either the ped units associated with mudrock, 
particularly Keuper Marl, break down slightly as temperature increases, and 
thus the apparent clay content rises, or flocculation occurs in a similar but 
reduced way to WB and thus LL is increased. Due to the highly complex 
physico-chemical nature of mudrocks it is difficult to distinguish between the 
two. It is even possible that both effects occur and that they may be 
counteracting or complementing each other in some complex fashion. 
However, due to the nature of the test only the net result is determined. 
Furthermore, other thermal effects occur simultaneously such as the reduction 
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of dynamic/viscous forces associated with the cone penetrometer and 
interparticle bond strength is altered. The latter may reduce due to weakening of 
bonds as thermal energies of bonding atoms in contact zones increases, or 
increase due to flocculation effects. 
The magnitude of change of LL with temperature was much higher than would 
be suggested by Keuper Marl's specific surface area data. However, this 
anomaly can be explained. Closer examination of Keuper Marl's compositional 
data shows that this material exhibits a high physico-chemical activity, causing 
the formation of large aggregated unit. These typically yield low values with 
specific surface area measurements but, however, retain their physico-chemical 
activity. Hence their relatively high degree of sensitivity to temperature changes 
is maintained even though the measured specific surface areas appear low. 
Taking this aggregation effect into account predicts changes to the LL of this 
material with temperature consistent with the trend observed with other clays 
(see above). 
Changes may also occur to the double layers, although the author considers that 
changes are more likely to occur indirectly as a result of increased solubilities of 
salt associated with the different clays. Thus the ion concentrations and 
potential reaction mechanisms change and possibly alter the double layer, 
although this would be difficult to predict. Furthermore, temperature affects 
many other factors which influence double layers and this will vary from 
mineral to mineral. With kaolinites contacts are more solid to solid, thus 
thermal effects are more likely to be mechanical, and hence less significant in 
terms of LL. However, for smectite, particularly in mono-valent form, thermal 
physico-chemical effects such as flocculation are dominant and thus significant 
changes occur. Thus, the LL test or LUT method is a relatively quick, cheap, 
repeatable, and effective method to determine the relative sensitivity of soils to 
temperature changes. It further enables a greater range of temperatures to be 
examined compared to the BSI or ASTM methods used in the literature. 
Furthermore, the LUT method does not require any calibration for temperature, 
nor does it necessitate the apparatus and the operator to be placed at the test 
temperature. 
From the results discussed above WB (a sodium dominated smectite) is most 
sensitive to temperature changes, while ECC (a well crystalline kaolinite) is 
least sensitive. This is related to the relative significance of physico-chemical 
properties and hence the role of adsorbed water at the particle contacts. This in 
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turn is related to the specific surface area (SSA), with clays of a very low SSA 
(e. g. ECC) exhibiting a reduction in the LL with increased temperature. 
Conversely, clays with a very high SSA (e. g. WB) show the reverse trend and 
the greatest magnitude of change. This relationship can be clearly seen when 
the change in LL due to a rise in temperature (10 to 80 °C) is empirically related 
to SSA on a semi-logarithmic plot (see Figure 9.17). It should be noted that the 
SSA data used to produce Figure 9.17 had to be indirectly obtained, particularly 
for clays with a significant internal surface area, e. g. WB (see Chapter 4, 
Section 4.3.5). Reference to either typical values quoted in the literature (see 
Chapter 4, Table 4.1), or the work of Farmer and Coleman (1967) has been 
made. Although, the equations presented by Farmer and Coleman (1967) may 
not be absolutely correct (see Section 9.3.1), they do give a working estimate, 
valid for a qualitative plot such as that presented in Figure 9.17. Thus the 
magnitude of change in LL with temperature gives a qualitative measure of the 
effect of temperature and this is positively related to the SSA of clay. Some 
materials will appear to deviate from this relationship but after mineralogical and 
physico-chemical effects are accounted for, these materials exhibit exactly the 
same relationship. 
9.3.2 Liquid Limits : Comparative Tests 
The same statistical tests described in Section 9.3.1 were used to analyse the 
data obtained from tests carried out in accordance with the British Standard at 
three different temperatures (see Chapter 5, Section 5.3). The results of these 
tests are illustrated in Table A2, Appendix A. This shows that the correlation 
coefficient is greater than 0.96 in all cases, indicating a very good correlation. 
However, the F-tests and t-tests show that the data were statistically less 
significant than those discussed in Section 9.3.1, although were still reasonably 
good. This was as a result of the very small sample size used and hence the 
small number of degrees of freedom of the data. The resulting LL values are 
illustrated in Figure 9.5 and Table 9.2. From these it can be seen that for ECC 
no change occurred, confirming the observations from previous tests (see 
Section 9.3.1 and Chapter 3, Section 3.2). For WB a slight increase occurred, 
although the increase was much less pronounced than with the previous tests 
(see Section 9.3.1). Again this is attributed to flocculation effects, although due 
to the time span of the test changes would have only just started to take place, 
therefore accounting for the small changes that occurred. Although the largest 
increase appears to occur between the values determined at 17 and 21°C, more 
work is needed to confirm this trend. 
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For both Lower Lias Clay and Keuper Marl a very small reduction occurred 
with increased temperature. However considering the number of data points 
used to determine these values, it is considered that such a result is of marginal 
significance, especially in the case of Keuper Marl. This implies that 
flocculation, not ped breakdown, is responsible for the observations made with 
these clays in the previous tests (see Section 9.3.1). If ped breakdown were 
responsible a similar trend would have been observed as that illustrated in 
Figure 9.4, instead of which there was a tendency for reductions in LL to 
occur. However, the changes that do occur are very small and thus no definite 
conclusions can be made. 
These results imply that, within normal laboratory temperature variations, 
temperature has no significant effect on the LL of the majority of clays. Only 
clays with significant smectite content may be affected, possibly yielding a 
higher LL as temperature is elevated. However, more work is needed to 
confirm this trend. It should be noted that although the LL values actually 
obtained might not be greatly altered, the implication of this work is that other 
properties of smectite clay may be significantly affected by temperature. 
The results for WB indicated that the assumption that clays are at the critical 
state at the LL may not be valid in all cases. WB shows signs of flocculation 
almost immediately after being placed into the test cup, and thus it is no longer 
in a fully remoulded state. This is considered to be true even though placing the 
clay specimens in test cups remoulded them, since the disequilibrium (physico- 
chemically) caused by this action results in a potential for particles to rearrange 
in order to achieve a more stable equilibrium position. This process is aided by 
temperature, and thus a more flocculated fabric is likely. These results further 
imply that smectitic clays are the most temperature sensitive. 
With regard to the PL it is felt that, because physico-chemical effects are less 
significant at the PL, temperature will also have much less effect on its value. 
Further work is need to confirm this trend and thus could further indicate which 
clays are more temperature sensitive. 
9.3.3 Liquid Limit and Time of Storage 
Firstly it should be noted that for Lower Lias Clay and English China Clay, 
only the slightest increase in LL was noticed for samples stored over a1 day 
period. Keuper l'l: irl showed an increase from 30% to 33%, indicating that 
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flocculation and increased interparticle bond strength occurred with elevation of 
temperature (see Section 9.3.1). The most significant increase occurred with 
WB and ECC: WB mixed samples. To investigate this further tests were also 
conducted after storage for 3 days (see Chapter 5, Section 5.3.5). These results 
were also analysed statistically (see Table A3, Appendix A), the data being 
shown to be statistically significant in a linear form. From Figures A17 to A20 
it can be seen that the gradients of the 1 day and 3 day plots are not significantly 
different. The overall results are illustrated in Figure 9.6, which shows that 
generally only a slight increase in LL occurred beyond 1 day, thus the most 
significant changes in LL, and hence in sample strength, occur during the first 
24 hours. The largest change was with the sample mixed in the proportion 75% 
WB to 25% ECC. However, the 95% confidence interval indicates that the 
largest error occurred with these data and a trend similar to those observed with 
other proportions might be found on further testing. Nevertheless the data 
shows that some gain in LL, hence strength, occurred after the first day, though 
much less than within the first day. 
The results of Lower Lias Clay tests further indicates that no flocculation effect 
generally occurred with this clay. 
Thus the slight increase observed (Section 9.3.1) could be related to its high salt 
content. However, interpretation is further complicated by the clay's relatively 
high organic content, and thus only a general observation is possible. 
9.4 VANE SHEAR TESTS 
9.4.1 Introduction 
The same statistical tests as described in Section 9.3.1 were carried out to 
analyse the significance of linear plots of the data presented in Appendices B 
and C for ECC and Keuper Marl respectively. 
Very occasionally data points were not included in the calculation due to certain 
anomalies. These included drying out of the specimens (bags having developed 
holes in them) such that no relevant measurements could be made, or large 
variations in observed failure angle. Overall the tests yielded a minimum of 5 
data points to define each line. The main sources of error have already been 
detailed in Chapter 6, Section 6.4. 
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From Tables B 1, B2, Cl and C2 (Appendices B and C) it can be seen that the 
data were statistically significant in a linear form. This was further supported 
by the coefficients of correlation coefficient for both clays. For ECC correlation 
coefficient was in all cases greater than 0.9 and for Keuper Marl it was greater 
than 0.94, thus suggesting that good correlations exist. Thus a linear function 
relating logarithm of vane shear strength to moisture content appears to be a 
good approximation. This further shows that as moisture content increases so 
the vane shear strength reduces, as expected (see Chapter 3, Section 3.9). 
9.4.2 Vane size effects 
Examination of plots B1 to B 18 and C1 to C6 (Appendices B and C) illustrates 
the effects of variations in vane proportions. (The dimensions of the vanes are 
12.75mm deep for vane 1,18.90mm for vane 2 and 25.25mm for vane 3). 
From these it can be seen that with ECC there is a tendency for the larger vanes 
to exhibit lower strength values for a given moisture content, although this 
tended to reduce in significance as the temperature of consolidation (Tc) 
increased. For Keuper Marl similar, but far less pronounced, trends occur and 
it may be considered that these variations lie within the influence of other 
experimental errors (see Chapter 6, Section 6.4). The above observations 
confirm the suggestion that for ECC the largest vane will show the greatest size 
effects (see Chapter 6, Section 6,4). This results from increased disturbance 
associated with the larger vanes when inserted into the soil. Furthermore, it is 
possible that, due to ECC's large platy particle nature and anisotropic fabric 
which occurs when consolidation takes place anisotropically, disturbance is 
greater than with a silty clay. Thus, as suggested in Chapter 6, Section 6.2, as 
the height increases so the disturbance effect increases and this is related to 
particle size and shape, cohesion and hence mineralogy. However, only 
general trends could be observed because of the errors associated with this test, 
which include measurement and interpretation errors (see Chapter 6, Section 
6.4). Any increased disturbance will increase the area ratio and hence cause an 
underestimation of what are already relatively low strengths. These effects 
clearly will vary from soil to soil and hence make direct comparison between 
soil types more difficult. 
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9.4.3 English China Clay 
Upon examination of Figures B 11 to B45, it can be seen that an erratic trend 
occurred with temperature. For a given Tc and moisture content the variations 
in vane shear strength with respect to shear temperature (Tt) were variable and 
very small. Thus it is concluded that within experimental error temperature (Ti) 
has no effect on the vane shear strength of ECC. A similar trend was observed 
with variations in Tc at a given Tt and moisture content. This was even the case 
when examining the gradients and intercepts of the regressed lines. Thus 
overall the vane shear strengths of ECC are not significantly altered by 
temperature and hence thermal history. A similar observation having been 
reported in the literature (see Chapter 3, section 3.9). This also agrees with the 
observation made with respect to LL (see Section 9.3), where only very slight 
changes with respect to temperature variation from 10 to 800C occurred. This 
is due to ECC's large particle size and hence its solid to solid type contacts. A 
weakening of interparticle bonds will no doubt occur as temperature is 
increased, although these effects are not sufficiently great to be measured, 
particularly with the vane test and especially because of the low strengths 
measured throughout at these moisture contents (i. e. between the Liquid and 
Plastic Limit). 
However, the variation in failure mechanisms with moisture content were 
observed to be similar to those presented in the literature (see Chapter 6, Section 
6.2.4). It was clearly evident that at low moisture contents a gap formed 
between the two failure surfaces and failure was sudden. The latter indicates 
that progressive failure was more prevalent at these moisture contents, thus the 
strengths measured were underestimated. However, at high moisture contents 
viscous effects are dominant. Both of these effects were observed, regardless 
of Tt or Tc, and thus these could be more significant than any thermal effects. 
Although it would be expected that viscous forces would reduce as temperature 
elevates, other experimental errors are more significant at the moisture contents 
used and hence no temperature related effects overall were observed. 
A thermal effect was, however, observed with respect to moisture contents after 
consolidation (wc) and after shearing(wt) had taken place (see Table 9.3). A 
consistent trend occurred, although the effects were small, typically of the order 
of 1 to 2%. Thus only a general comment will be made. Evidence of thermal 
loading and thermal moisture movements were apparent with ECC, although no 
such trend occurred with Keuper Marl. This could be due in part to the lower 
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moisture contents associated with Keuper Marl (LL = 30%) and its lower 
permeability (see Chapter 10, Section 10.5.3.1). 
For ECC it was noticed that at Tc less than Tt, an increased Tt resulted in a 
reduced moisture content, i. e. we was greater than wt. However, at Tc equal to 
Tt (for Tc = 25,40 and 550C) no changes between wt and we were observed. 
Thus it was concluded that the first observation was not as a result of the 
specimens drying out. Similarly at high Tc a reduction in Tt increased the 
moisture content (i. e. we < wr), due presumably to moisture movement through 
the specimen away from its centre. Thus, in the shear zone the moisture content 
increased slightly. 
This further implies that these tests are consolidated undrained tests, thus any 
thermally generated changes in pore pressure will be dissipated and all 
specimens have been tested under similar pore pressure conditions. If, 
however, tests had been conducted on thermally unconsolidated undrained 
samples, reductions in shear strength would be expected with ECC due to 
reduced effective stresses at particle contacts. 
Finally, it is assumed that all tests were conducted on fully saturated specimens. 
It is reasonable to suggest that this was the case as the specimens were 
consolidated from a slurry and no significant moisture content changes (wt 
wc) other than those discussed above occurred. 
9.4.4 Keuper Marl 
From Appendix C it can be seen that the results for Keuper Marl show clearer, 
more consistent trends and thus more definite conclusions can be made with 
respect to temperature. These results appear to be consistent with the LL data 
(see Section 9.3.1), the tests for which were similarly conducted on specimens 
stored for 24 hours at the required test temperature Tt. 
Examination of Figures C8 to C22 help to give a further insight into the 
possible mechanisms involved, especially with Keuper Marl, when heated. 
Figures C8 to C10 show a tendency for temperature effects to be related to 
moisture contents, and hence contact nature. It can be seen that at high moisture 
contents a higher Tt tends to produce greater strengths, whereas the reverse is 
observed at low moisture contents (especially those around the PL). It should 
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be noted, however, that these effects are small and could be considered to be 
within experimental errors. 
However, as Tc increases a clear trend develops which is sufficiently outside 
experimental error to warrant further discussion. Clearly, the effect of 
temperature depends on the combination of Tt and Tc used. At Tc = 400C (see 
Figures C11 to C13) for Tt less than Tc, increases in Tt reduce strength at a 
given moisture content. However, for Tt greater than Tc the reverse occurs and 
the strength increases. This effect tends to be more significant at higher 
moisture contents, with a less significant difference being observed at low 
moisture contents (approximately PL). This trend was even more pronounced 
at a Tc equal to 550C (see Figures C14 to C16). 
These effects are unlikely to be due to thermal loading because if this were the 
case firstly variations in we to wt would have been observed (none were) and 
secondly these effects would be apparent at all moisture contents. Thus it is 
considered that flocculation accounts for this behaviour, particularly as this will 
be more in evidence at higher moisture contents closer to the LL, and thus 
consistent with LL observations under similar conditions (see Section 9.3.1). 
However, due to increased complexities associated with stress and thermal 
histories, the trends are more complex than with the LL tests. Furthermore, it 
should be noted that viscous forces still will occur at high moisture contents, 
although these would predict a reduction in strength as temperature was 
increased. Thus clearly these forces are only minor when compared with the 
more dominant physico-chemical forces. 
An interesting trend occurs when comparisons are made at the same Tt and 
moisture content with different Tc (see Figures C17 to C20). At low Tt (Tt < 
Tc) increased Tc produces a reduction in strength at a given moisture content 
(towards LL), although the change from Tc = 250C to Tc = 400C was not 
significant. This was contrary to what was expected. It was anticipated that an 
increased Tc would increase strength (see Chapter 3, Section 3.9). However, 
by making reference to compositional data as well as thermal history these 
effects may be explained. It is hypothesised that the action of pressure and 
temperature causes the aggregated ped units to break down, increasing the 
apparent clay fraction hence reducing strength at low Tt. However, at high Tt 
these effects were not noticed presumably because of flocculation effects which 
have been promoted by the action of high Tt, thus increasing strength again, 
these specimens having been stored for 24 hours at Tt. This agrees with the LL 
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data presented in Section 9.3.1 and is further supported by the variation with 
moisture content, i. e. at high moisture contents flocculation can readily occur, 
whereas as moisture content reduces this is less likely to occur. Here stress 
history dominates and contacts are more solid to solid, hence physico-chemical 
forces are mush less significant. At low moisture contents similar trends are 
observed to those which occur with ECC, i. e. temperature has no significant 
effect and thus mechanical forces dominate. 
No difference between strengths at Tc = 25 and 400C at a given moisture 
content were observed (Figures C17 to C22), presumably because the 
temperature was not high enough to cause ped breakdown. These effects are 
also indicated by changes that occurred in the gradients (see Appendix Q. 
Overall, therefore, many different factors vary with temperature, some of which 
counteract each other. Thermal history is an important factor to consider, either 
as an analogy to load as in the case of ECC or as a physico-chemical influence 
as in the case of Keuper Marl. These effects depend on stress history and hence 
moisture content, physico-chemical effects being more significant at higher 
moisture contents where contact nature is influenced more by adsorbed water 
(see Chapter 2, Section 2.6). Thus temperature affects clay soils both physico- 
chemically and mechanically, and hence may be considered as an analogy to the 
application of a mechanical stress, albeit a small one. This therefore explains 
some of the behaviour observed in the literature. 
Similar observations to those made with ECC with regard to failure mechanisms 
and degree of saturation were made with Keuper Marl and have already been 
discussed in Section 9.4.3. 
9.5 RESIDUAL SHEAR 
9.5.1 Introduction 
Typical shear stress versus horizontal displacement plots are given in Appendix 
D (figures D1 to D6). It should be noted that all tests produced plots that were 
almost exactly the same in nature, with an initial peak followed by post peak 
reductions to the residual state. In all cases sliding shear was anticipated (see 
Chapter 7, Section 7.2) and the plots shown in Appendix D were as expected. 
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Figure D2 illustrates the problems encountered with the Bromhead Ring Shear 
(BRS) device when samples were tested over a period of more than one day 
(see Chapter 7, Section 7.3). The peak observed was due to a reknitting of the 
shear plane and does not relate to peak strengths. This is especially true with 
the Modified Bromhead Ring Shear (MBRS) tests for which the specimens 
were prepared with a preformed shear plan (see Chapter 7, Section 7.3). This 
explains why residual strengths were reached at relatively small displacements 
(see Appendix D). 
The increase in shear stress that occurred with the Lower Lias Clay samples 
after the residual state was reached, occurred because of stress concentrations 
associated with the vanes. This caused a build up of soil behind each vane, 
resulting in imbalances in the proving rings and a build up of friction between 
the upper load platen and the confirming rings. Thus testing was terminated 
prematurely to avoid any damage to the apparatus (see Chapter 7, Section 7.3). 
A similar effect was observed with ECC, although testing had generally 
finished before these effects could influence the results. 
Figure D7 shows typical vertical versus horizontal displacement plots. It clearly 
shows the continuous reduction in specimen height that occurs during testing, 
which is related to the continuous extrusion of material during shearing (see 
Chapter 7, Section 7.3). 
9.5.2 Bromhead Ring Shear results 
From Figure 9.7 it can be seen that the results produced were repeatable within 
normal experimental errors (see Chapter 7, section 7.4). The apparent peak has 
been presented for comparison purposes only. The Bromhead ring shear does 
not serve to evaluate peak strengths due to the nature of the sample preparation, 
a fact emphasised by the large scatter that also occurs. From the residual 
envelope it can be seen that a straight line approximation is reasonably good, as 
would be expected at effective normal stresses above 150 kPa. The envelope 
yields a 0'r value of 12.30 with a c'r 0 kPa. These values were as expected and 
are typical of kaolinites (see Table 7.2, Chapter 7). Examination of Figure 9.11 
shows that some scatter occurs, although it is within experimental errors. This 
implies that 0'r is independent of normal effective stress on the shear plan for 
stresses of 150 kPa and more. However, previous investigation has indicated 
that between 150 to 200 kPa this may not be the case for kaolinite. Examination 
of Figure 9.12, which relates tano'r to normal effective stress ß'n raised to the 
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power -1/3, gives an indication of the likely contact nature. If tano'r varies 
with 6n then elastic contact stresses occur (see Chapters 2, Section 2.6 and 7, 
Section 7.2). If however tano'r is independent of 6'n, as shown in Figure 
9.12, then the contact stresses are likely to be plastic. This is not too surprising 
when contact nature is more closely examined. ECC contains large platy 
kaolinite particles and thus, at a given 6',,, the contact stresses are higher than 
those which occur with smaller particles. Thus it is likely that plastic contacts 
develop at a lower value of 6' than with other clays and hence the data appear 
to be consistent with this explanation. Thus due to ECC's low cation exchange 
capacity and large size, the contact area is likely to be dominated by solid-solid 
contacts, even when arranged in a parallel alignment. Thus tano'r is likely to be 
independent of 6'n at lower values of 6' than other clays. Furthermore due to 
its compositional nature physico-chemical effects are likely to be much less 
significant, particularly as a range of divalent cations are associated with this 
sample of ECC (see Chapter 4, Table 4.3), thus further reducing the 
significance of any film effects. However, more work is needed to confirm 
this. The other data presented in this chapter for ECC suggest the same trend, 
although with the latter data, the clay fabrics will be different. 
It was attempted to examine the shear plane after the residual shear state had 
been reached. However, this proved impossible due to the disturbing effect 
when the load platen was removed. 
Figure 9.9 shows the comparisons between the two test types (BRS vs. 
MBRS). This clearly shows that the MBRS yielded significantly higher values 
of residual strength than those which occurred with the BRS, this affect 
increasing as 6' increases. This is illustrated by the larger value of 0'r of 13.90 
determined with the MBRS (see Table 9.4). It should be noted that the 
regressed line illustrated in Figure 9.9 gave a small negative value of cr . 
For 
the purposes of this calculation this was adjusted to Cr' =0 kPa. Thus it can be 
seen that the MBRS slightly overestimates 4'r (assuming that 4'r is defined as 
the minimum strength achievable). This is attributed to side friction between the 
upper load platen and the confining rings, and results from soil extruded into 
the gap formed between them. However, for the purposes of this study these 
effects are likely to be consistent throughout, thus MBRS tests are more 
satisfactory when making comparisons between specimens of the same clay 
tested at different temperatures. 
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9.5.3 English China Clay 
The results from tests using the MBRS conducted at 22 and 490C are illustrated 
in Figures 9.8,9.13 and 9.14. From Figure 9.8 it can be seen that the scatter in 
the data is within experimental errors (see Chapter 7, Section 7.4) and thus it 
could be argued that temperature does not affect 0'r. The slight variation in the 
value quoted in Table 9.4 is a function of the calculation method, since these 
values of 0'r were again made assuming c'r = 0. The difference in the two 
values (Table 9.4) for ECC are thus deemed to be within experimental and 
calculation errors. 
Alternatively it could be argued that this shift is significant and related to 
physico-chemical effect, thus more work is required. 
Figures 9.13 and 9.14 indicate that no variations in tano'r occur with 
temperature except at lower ß'n. Two possible explanations can be given. 
Firstly, this could be due to experimental errors, which would be more 
significant at lower 6'n and higher temperatures due to the nature of testing. 
Only a small variation in residual strength is required at low 6'n to cause these 
variations in tan4'r. The values of 0'r quoted in Table 9.4 represent averages 
and so disguise these effects. A second possible explanation is the effect of 
double layer changes due to pore fluid chemistry effects at elevated temperatures 
(see Chapter 7, Section 7.3). These too could be important for clay particles in 
parallel alignment at low 6'n. If this were the case a reduction in tano'r could 
possibly be due to expansion to double layers associated with pore chemistry 
changes promoted by temperature, thus reducing contact stress, and hence 
friction, for a given 6'n. However, due to both the mode of shear and ECC's 
compositional nature, it is felt that these effects would not be significant. 
With reference to Chapter 4, Section 4.3 and Section 9.2 it can be seen that 
ECC has large platy particles with a low cation exchange capacity, thus 
physico-chemical effects would be less significant. Furthermore due to their 
relatively large size, the particles' contact stresses would be larger (see Section 
9.5.2), reducing still further film and physico-chemical effects. Thus overall it 
is concluded that temperature has no effect on the residual behaviour of ECC. 
However, such physico-chemical effects discussed above may be more 
significant with smaller particles (such as those of smectite clays) whose contact 
stresses are smaller and adsorbed water layer is more significant. Indirect 
changes may occur due to temperature as a result of changes in ion 
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concentrations in the pore fluid resulting from increased solubilities of salt 
associated with certain clays at elevated temperatures. Thus these effects may 
be more significant with natural mudrocks. 
Changes in slope stability would also occur with temperature due to an increase 
in pore water pressures as temperature increased (see Chapter 3, Section 3.8). 
Thus temperature would cause failure by reducing effective stresses along the 
shear plane. 
9.5.4 Lower Lias Clay 
The results for Lower Lias Clay at 22 and 520C are presented in Figures 9.10, 
9.15 and 9.16. All three show that the residual behaviour of Lower Lias Clay 
is unaffected by temperature. This is further illustrated in Table 9.3. The 
values of 0'r were again calculated assuming Cr' =0 kPa. The values quoted 
were typical of Lower Lias Clay even when the overestimations of the MBRS 
test are accounted for. 
From Figures 9.15 and 9.16 it can be seen that the largest scatter in results 
occurs at the lowest 6'n supporting the suggestions made in Section 9.5.3 that 
variation with temperature at these stresses was due to experimental errors. 
Figure 9.15 and 9.16 also indicate that contacts are plastic and 4'r is 
independent of 6'n for the stress range used. Lower Lias Clay is dominated by 
kaolinite in a disordered form and illite with a mixture of non-clay minerals and 
undissolved salts. These results imply that temperature-induced solubility of 
salt does not significantly affect the residual behaviour of natural mudrocks like 
Lower Lias Clay. However, more work is needed to confirm this trend. 
Variation in results could also occur due to a breakdown of the aggregate 
particles during shear, although no consistent trend was observed. Again more 
work is required to examine this behaviour. 
Overall then temperature does not seem to significantly affect the residual 
behaviour of the clays tested, agreeing with the previous literature (see Chapter 
3, Section 3.9). 
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9.6 CONCLUSIONS 
From the preceding discussions the following conclusions are reached: 
1. The Atterberg Limits, especially the Liquid Limit, can be used as a quick, cheap and 
effective way to assess compositional changes to clay soils. Batch control of samples 
can be quickly assessed for consistency, any changes in Liquid Limit being reflected by 
changes in other parameters such as the Coefficient of Compressibility (Cc), e. g. 
Keuper Marl (see Chapter 10, Section 10.2.3.1). 
Furthermore, the effects of 'pseudo-weathering' due to wet/ oven dry cycles can be 
assessed. Wet/ dry cycles when applied to London and Oxford Clay increased the 
Liquid Limit from 56 to 62% and 52 to 58% respectively (see Table 4.2). However, 
the Plastic Limit (PL) remained unchanged. This was further indicated by the colour of 
each clay changing from a blue/grey to a tan brown colour. 
2. As the percentage of Wyoming Bentonite in the English China Clay: Wyoming 
Bentonite mixtures increased, so the Liquid Limit increased approximately 
proportionally. However, the mixtures have the same PL regardless of Wyoming 
Bentonite content (i. e. 26 %). This value was below that of both of the individual 
constituents. This was due to particle association between Wyoming Bentonite and 
English China Clay. Thus the addition of Wyoming Bentonite to kaolinitic soils will 
enhance their plastic range and consequently the response of strength to moisture 
content changes (see Table 9.1). 
3. For specimens stored for 24 hours and tested using the method describe in Section 
5.3.3, Chapter 5 the following conclusions can be drawn (see Figures 9.1 to 9.4): 
(i) The Liquid Limit of English China Clay slightly reduced with temperature. 
Over a range of 10 to 800C the Liquid Limit reduced from 62.3 to 59.5%. 
However, over a normal laboratory temperature range (extremes 10 to 300C), 
temperature does not affect the Liquid Limit of English China Clay. This is due 
to the predominately solid contact nature of kaolinites and hence the effect of 
temperature is a thermal mechanical one. This implies that the strength of 
English China Clay is not particularly temperature sensitive. 
(ii) The Liquid Limit of Wyoming Bentonite increased with temperature. Over a 
range of 10 to 800C, the Liquid Limit increased from 539 to 615%. This was 
due to temperature promoted flocculation. These effects are thermal physico- 
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chemical in their nature. Thus Wyoming Bentonite is very sensitive to changes 
in temperature. 
(iii) For a Wyoming Bentonite content of 25% and above in English China Clay: 
Wyoming Bentonite mixtures, increases in temperature increase the Liquid 
Limit of the clay. Thus the thermal physico-chemical behaviour of Wyoming 
Bentonite dominates the mixed clay's overall thermal response. The percentage 
increase in Liquid Limit with temperature, however, is erratically related to the 
Wyoming Bentonite content. Thus it is the presence of Wyoming Bentonite that 
is the most significant factor not the actual percentage present, when 
considering the thermal response of the Liquid Limit of these mixed materials. 
The gradient of the graph of penetration versus moisture content reduces with 
increased temperature, typically between 45 to 50% for an increase in 
temperature from 10 to 800C. Thus the change in strength for a given increase 
in moisture content reduces with temperature. 
(iv) The Liquid Limit of Lower Lias Clay slightly increased with temperature, this 
trend being consistent regardless of batch differences. 
For the batch having a Liquid Limit of 66% (BSI 1990 method of 
determination), an elevation of temperature from 10 to 800C increased the 
Liquid Limit from 65.6 to 66.5%. However, the gradient of the penetration 
versus moisture content line reduced by 44% due to this increase. 
For the batch having a Liquid Limit of 60% (BSI method of determination), an 
elevation of temperature from 19 to 600C increased the Liquid Limit from 59.3 
to 60%. The gradient of the graph of penetration versus moisture content 
reduced by 20%. 
(v) The Liquid Limit of Keuper Marl increased with temperature. For an elevation 
of temperature from 10 to 800C the Liquid Limit increased from 32.8 to 34.8% 
due to physico-chemical thermal effects promoting flocculation. 
4. The sensitivity of clays to temperature changes can be assessed by the 24 hour 
storage method of Liquid Limit determination (the LUT method) described herein. This 
test is repeatable giving an easy and quick, yet effective, method that is of much greater 
sensitivity to temperature changes than the normal BSI 1990 method. Thus the 
following qualitative guidelines can be formulated. Sodium dominated smectite 
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(Wyoming Bentonite) is the most sensitive to temperature variations while a well 
crystallised kaolinite (English China Clay) is least sensitive. Illitic clays lie in a range in 
between these two clays (i. e. produce intermediate behaviour). Sensitivity as measured 
by this method is positively related to the specific surface area (see Figure 9.17). Clays 
with very low specific surface areas (e. g. a well crystallised kaolinite) are least sensitive 
to temperature changes, while for clays with a very high specific surface areas (e. g. 
Wyoming Bentonite) the reverse is true. 
5. For the BSI 1990 method of Liquid Limit determination (see Section 5.3.4, Chapter 
5) the following conclusions can be drawn (see Figure 9.5 and Table 9.1): 
(i) The Liquid Limit of English China Clay is independent of temperature over the 
normal range of temperature experience in the laboratory. 
(ii) The Liquid Limit of Keuper Marl reduced from 32 to 30% for an increase in 
temperature of 14 °C from 18 to 32°C. 
(iii) The Liquid Limit of Lower Lias Clay reduced from 59 to 54% for an increase in 
temperature of 16 OC from 17 to 330C 
(iv) The Liquid Limit of Wyoming Bentonite increased from 424 to 455% for an 
increase in temperature of 160C from 17 to 33°C. 
Overall it is concluded that for most clays only small, but for some applications 
possibly significant, changes in Liquid Limit with elevation of temperature, over 
normal extremes experienced in the laboratory, will be observed. Sodium dominated 
smectites (Wyoming Bentonite), however, show a significantly large change over this 
range. This accounts for the contradiction observed in the literature. This observation, 
therefore, further demonstrates that the Liquid Limit determined on specimens stored 
for 24 hours is a good qualitative guide to temperature sensitivity. 
6. Not all clays are at the fully remoulded critical state when the Liquid Limit is 
determined This is especially true with sodium dominated smectitic clays such as 
Wyoming Bentonite. 
7. Most of the changes observed with Liquid Limit associated with time occur in the 
first 24 hours of storage (at room temperature). For Keuper Marl the Liquid Limit 
increased from 30 to 33% while for Wyoming Bentonite the Liquid Limit increased 
from 451 to 532% at room temperature over this period. These changes were typically 
242 
of the order of 80 to 90% of the increase that occurred over 3 days (see Figure 9.6). 
Only a very slight increase occurs with English China Clay and Lower Lias Clay. 
8. The vane shear strength reduces as the moisture content increases, these parameters 
being linearly related in a semi-logarithmic plot. 
9. An increase in the height of the vane from 12.75mm to 25.25mm reduced the vane 
shear strength of clay at a given moisture content. This effect is greatest with clays of a 
platy morphology, such as well crystalline kaolinites and reduces in significance as the 
temperature of consolidation increased. The effect was. most pronounced at low 
temperatures of consolidation (25 OC) and high test temperature (50 to 60 OC) (as 
shown in Appendix B). This effect was attributed to disturbance associated with vane 
insertion into the soil and hence was positively related to the area ratios. 
10. The vane shear strength of anisotropically normally consolidated reconstituted 
English China Clay, tested over a range of moisture contents between the Liquid and 
Plastic Limits, content was not affected by temperature at a given moisture (see 
Appendix B). This is true for temperatures of consolidation of between 25 and 550C 
combined with test temperatures of 10 to 600C in various imposed thermal histories. 
This is in full agreement with the observation made of the Liquid Limit test on this 
material. This is due to the large particle size of English China Clay, whose strength in 
response to changes in temperature is dominated by thermal mechanical effects. Such 
changes that may have occurred were outside the sensitivity of the vane test. 
11. The English China Clay specimens at a range of moisture contents between the 
Liquid and Plastic Limit used in the vane test programme exhibited thermal load 
(thermal mechanical) effects, i. e. a change in moisture content occurred, the value of 
which depends on the thermal history imposed (see Table 9.3). In contrast, no such 
trend was exhibited by Keuper Marl. By comparing the moisture contents after the 
consolidation phase with those post-shear, the following observations were made: 
(i) For temperatures of consolidation less than test temperatures, reduced moisture 
contents were measured at the shear depth, such that the end of consolidation 
phase moisture contents were greater than the post-shear moisture contents. 
The changes were typically of the order of 2% (see Table 9.3), for the 
temperature of consolidation of 250C and the test temperature of 600C 
combination. This was analogous to a small load being applied, i. e. a thermal 
load effect (see Table 9.3). 
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(ii) For temperatures of consolidation equal to the test temperature no change in 
moisture contents occurred. 
(iii) For temperatures of consolidation greater than test temperatures a reduction in 
test temperature increased the moisture content at the shear depth, such that the 
consolidation moisture contents were less than the post-shear moisture contents. 
The maximum changes were typically of the order of 2%. This was analogous 
to a small load being removed, i. e. a thermal unloading effect. 
12. The method of temperature control employed with the vane shear test was 
equivalent to testing under consolidated undrained conditions. Consolidation having 
taken place during the 24 hours of temperature acclimatisation of the specimens. 
13. The vane shear strength of anisotropically normally consolidated Keuper Marl is 
strongly dependent on the thermal history experienced by each specimen. The 
significance of this increased with increasing moisture content and temperature of 
consolidation (see Appendix Q. 
(i) At a temperature of consolidation of 250C and at high post-shear moisture 
contents (around the Liquid Limit), an increase in the test temperature increased 
the vane shear strength. However, at low post-shear moisture contents (around 
the Plastic Limit) the reverse occurs (i. e. the vane shear strength decreases). At 
a temperature of consolidation of 400C an increase in the test temperature 
reduces the vane shear strength if the test temperature is less than the 
consolidation temperature and is attributed to a weakening of interparticle 
bonds. However, the vane shear strength increases if the test temperature is 
greater than the consolidation temperature. Similarly at a temperature of 
consolidation of 550C an increase in the test temperature increased the vane 
shear strength, this effect increasing with increasing post-shear moisture 
contents for moisture contents between the Liquid and Plastic Limits. This is 
attributed to a partial ped breakdown that occurs at high consolidation 
temperatures (e. g. 40 and 55°C), which through re-flocculation under high test 
temperatures (i. e. greater than consolidation temperatures) regains strength. 
(ii) At a test temperature of 10°C an increase in the consolidation temperature 
reduces the vane shear strength, this increasing in significance with increasing 
moisture content for moisture contents between the Liquid and Plastic Limit. 
However, at a test temperature of 600C changes in the temperature of 
consolidation had little effect on the vane shear strength (see Appendix Q. 
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This is attributed to thermal history effects on ped units, causing partial 
breakdown and re-flocculation with different thermal histories. Thus Keuper 
Marl exhibits temperature effects that are physico-chemically dominated. 
14. The effect of temperature on the vane shear strength of clays tested between the 
Liquid and Plastic Limit is dependent on mineralogy, geology, moisture content and 
previous temperature history. 
15. The Bromhead ring shear device gives repeatable results for specimens tested up to 
one day only. Any shearing that takes place over longer periods yields variations in 
stress across the specimen due to soil extrusion, resulting in large imbalances being set 
up in the proving rings. 
16. The modified Bromhead ring shear gives more consistent results over longer 
durations of testing, due to the significantly reduced soil extrusion that occurs. 
However, the rates of shearing are necessarily significantly reduced to ensure drainage. 
17. The modified Bromhead ring shear gave slightly higher residual friction angles for 
English China Clay (by 1.60, see Table 9.4 and Figure 9.9) compared to the Bromhead 
ring shear, due to enhanced side friction. Overall with the modified Bromhead ring 
shear the residual friction angles of English China Clay and Lower Lias Clay are 13.9° 
and 13.30 respectively (at room temperature) for normal effective pressures of 150 kPa 
and above (see Table 9.4). For this range of pressures the residual friction angle is 
independent of normal effective pressure. Hence, plastic junctions at particle contacts 
occur. 
18. For the modified Bromhead ring shear (see Table 9.4), an increase in temperature 
from 22 to 490C reduces the residual friction angle of English China Clay slightly from 
13.90 to 13.50 over a pressure range of 150 to 400 kPa. However, for Lower Lias 
Clay the residual friction angle is unaffected by temperature over a pressure range 150 
to 350 kPa. 
19. For English China Clay a slight reduction in the tangent of the residual friction 
angle occurred (0.24 to 0.22) with temperature at a normal effective pressure of 150 
kPa (see Figure 9.13). This was attributed to possible experimental errors and possibly 
a slight expansion of the double layer due to changes in the physico-chemical 
environment. This effect was not observed at normal effective pressures of 200 kPa 
and above. 
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Overall the effect of temperature on the shear behaviour of clays is related to 
mineralogy, geology, compositional parameters (e. g. specific surface area or cation 
exchange capacity) and temperature history. 
Well crystallised kaolinites such as English China Clay are not temperature sensitive 
due to their large platy morphology and low specific surface area, and as such their 
thermal responses are mechanically (macroscopically) dominated. In contrast, 
smectites are very sensitive to temperature changes due to their very small colloidal 
size, high specific surface area and the dominance of film effects on their behaviour. 
Their thermal responses are physico-chemically (microscopically) dominated. 
However, both mechanical and physico-chemical effects occur simultaneously, the 
relative importance of each changing with mineralogy. Illitic clays lie in between these 
two extremes. Keuper Marl demonstrated temperature behaviour dominated by 
physico-chemical effects even though its specific surface area is low. However, this 
apparent anomaly can be accounted for by aggregation effects associated with this 
material. Lower Lias Clay, which contains illite and disordered kaolinites, is on the 
border between physico-chemically and mechanically dominated thermal effects, 
although this is probably due to its relatively high organic content. Based on the Liquid 
Limit results of Lower Lias Clay it is anticipated that organics increase the significance 
of thermal physico-chemical effects. 
Therefore knowledge of compositional parameters (especially mineralogy and specific 
surface area) and environmental factors (temperature history) is essential if the shear 
behaviour of clays at elevated temperatures is to be understood and apparent anomalies 
or contradictions avoided. 
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Table 9.1 Atterberg Limits of Wyoming Bentonite, 
English China Clay Mixtures 
Clay LL PL PI 
ECC 59 33 25 
WB: ECC 
25: 75 123 26 97 
50: 50 226 26 200 
75: 25 361 28 333 
WB 451 37 414 
Note: 
ECC English China Clay 
WB Wyoming Bentonite 
Table 9.2 Liquid Limit BS1377(BSI 1990) Method 
Liquid Limit 
Temperature OC 
Clay 17 18 21 22 25 32 33 
English China 
Clay - 59 - 59 - 59 - 
Lower Lias 
Clay 59 - 59 - - 54 
Keuper Marl - 32 - - 30 30 - 
Wyoming 
Bentonite 424 - 451 - - - 455 
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Table 9.3 Examples of end of consolidation versus post shear moisture 
contents for the vane shear test 
Clay Consolidation Test Consolidation Post - shear Temperature Temperature moisture moisture 
(°C) (°C) content (%) content (%) 
46.3 47.8 
45.4 45.9 
43.5 44.6 
ECC 25 10 42.2 42.8 
41.4 42.3 
41.7 42.2 
38.0 39.4 
47.4 47.6 
46.3 44.6 
45.0 41.3 
ECC 25 60 44.1 41.1 
41.9 39.3 
43.8 42.1 
41.8 37.6 
45.8 46.9 
41.0 43.1 
45.2 47.1 
ECC 40 10 42.8 43.3 
41.0 42.7 
39.0 41.3 
38.7 40.6 
45.7 45.1 
45.4 43.4 
ECC 40 60 43.1 41.0 
44.5 40.6 
39.9 37.5 
45.7 47.6 
45.2 46.1 
42.3 43.9 
ECC 55 10 41.9 42.7 
40.2 41.3 
39.6 41.2 
37.5 38.5 
44.9 45.0 
44.9 44.9 
42.3 42.5 
ECC 55 60 40.5 40.7 
39.4 39.5 
38.6 37.4 
37.1 35.8 
46.8 47.9 
45.7 46.5 
43.9 44.1 
ECC 40 40 42.4 41.9 
41.0 41.4 
39.8 39.6 
38.6 38.5 
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Table 9.3 continued 
Clay Consolidation Test Consolidation Post - shear 
Temperature Temperature moisture moisture 
(°C) (°C) content (%) content (%) 
27.6 28.2 
24.4 24.9 
23.6 24.1 
KM 25 10 21.6 21.9 
20.7 21.1 
20.6 21.1 
20.5 21.2 
28.1 28.1 
25.7 25.8 
25.3 25.0 
KM 25 60 24.5 24.2 
21.8 21.7 
20.3 20.3 
20.0 19.5 
23.2 23.8 
22.1 22.5 
21.1 21.5 
KM 55 10 20.6 21.2 
20.0 20.2 
18.8 19.1 
18.2 18.6 
28.1 27.3 
25.4 25.0 
23.3 23.8 
KM 55 60 22.2 21.6 
21.1 21.0 
20.5 20.5 
20.4 20.9 
25.8 26.2 
23.7 24.3 
22.4 22.8 
KM 40 25 22.3 22.9 
20.3 21.0 
19.9 20.5 
19.2 19.4 
Note: 
ECC English China Clay 
KM Keuper Marl 
Moisture contents are average values 
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Table 9.4 Residual friction angles 
Clay Test type r C'r 
(degrees) (kPa) 
English China BRS @ 210C 12.3 =0 
Clay 
English China MBRS @ 220C 13.9 =0 
Clay MBRS @ 490C 13.5 =0 
Lower Lias MBRS @ 220C 13.3 =0 
Clay MBRS @ 520C 13.2 =0 
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Figure 9.1: Liquid Limit versus temperature (specimens stored 24 hours) 
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figure 9.2: Liquid Limit versus temperature (specimens stored 24 hours) 
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Figure 9.14: Tangent of the residual friction angle versus normal 
effective stress raised to the power -1/3: English China 
Clay at 22 and 49 C, modified Bromhead Ring Shear 
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CHAPTER 10 
RESULTS : OEDOMETER TESTS 
10.1 INTRODUCTION 
This chapter discusses the results obtained from oedometer tests, the methodology of 
which has been described in Chapter 8. As with Chapter 9, the bulk of the results are 
contained in the Appendices (see Appendix E), although certain results have been 
highlighted in this chapter (see Figures 10.1 to 10.24). To aid presentation, the results 
are discussed in four sections, each relating to characteristics measured by this test 
namely volume change, compressibility, consolidation and permeability. 
10.2 VOLUME CHANGE CHARACTERISTICS 
10.2.1 Introduction 
The results from volume change test data (void ratio, e, versus the logarithm of 
effective normal stress, log (Y'n, plots) are shown in Figures El to E17. All of 
the data presented have been normalised with respect to the void ratio 
corresponding to the first applied pressure (see Chapter 8, Section 8.4). Thus 
any variations in initial specimen properties, such as moisture content, are 
eliminated and changes relative to this can then be examined. It should be noted 
that errors in the absolute values of void ratio will occur due to errors in the 
determination of the equivalent height of soil particles (HS) used in their 
calculations (see Chapter 8, Section 8.4). However, the errors are consistent 
for a given set of data and hence changes in void ratio with respect to a given 
stress increment are not significantly affected. Thus these values are used to 
calculate the void ratios presented in Figures El to E17 relative to the initially 
normalised void ratio. The initial value of void ratio used was the average void 
ratio of the first pressure increments for all specimens tested. It is felt that this 
technique will remove any error associated with initial specimen variation. 
However, variations in specimens due to compositional difference will not be 
removed by this technique. 
In some cases the average value of void ratio change from repeat tests for a 
given stress increment has been used, though only when differences were small 
and within the experimental errors discussed in Chapter 8, Section 8.4. 
Averages wcrc not used in void ratio calculations for undisturbed London and 
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Oxford clays, reconstituted Oxford clay and Wyoming Bentonite, the reasons 
10.2.2 
for which are discussed below in the relevant sections. 
It is also worth noting that although errors can be estimated, full quantification 
of them is impossible. This is due to the variety of sources and variability of 
such errors (see Chapter 8, Section 8.4). 
Undisturbed versus Reconstituted Samples: Test Set 1 
The results for these clays are shown in Figures El to E8. Figures El to E4 
show all the test data collected, whereas Figures E5 to E8 illustrate the 
compression curves for tests conducted under the highest and lowest 
temperature used. 
10.2.2.1 London Clay 
It can be seen from Figures El and E5 that the compression lines are typical of 
an overconsolidated material, such as undisturbed London Clay. However, no 
preconsolidation pressures could be determined because confirmation of the 
virgin compression line could not be made (see Section 10.3.2.1). Thus the 
material is heavily overconsolidated (HOC), consistent with its geology and 
sample location (see Chapter 4, Section 4.2.5). 
Average values of void ratio change per stress increment for repeated tests were 
not used in these plots because significant variations in their values occurred. 
This was most likely due to specimen variations, which inevitably occur when 
using UlOO samples. To exacerbate this effect, remoulding effects associated 
with specimen preparation also occurred (see Chapter 8, Section 8.3.6.1). 
Variations may have also occurred due to physico-chemical effects associated 
with differences between pore and surround waters. This is unavoidable unless 
considerable effort is made to match the two. However, it is difficult to 
distinguish between these effects, although, with reference to London Clay's 
compositional data (see Chapter 4, Table 4.2), the first two explanations appear 
more tenable. Such effects may be more significant with material containing 
smectites, particularly in a mono-valent form. Smectite can occur in samples of 
London Clay, as reported in Chapter 4, Table 4.1, and thus this factor may be 
important, particularly at low stresses. With reference to the change in void 
ratio observed for a given stress increment, variations were independent of 
stress, occurring at both low and high values. Moreover, the undisturbed 
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specimens used in this study were HOC. Due to the low void ratios typically 
encountered with such specimens, the particle contacts are more solid in their 
nature, thus physico-chemical effects are less significant. This further supports 
the first explanation discussed above. 
From Figures El and E5 it can be seen that temperature had an erratic effect on 
the compression curves. Thus it is concluded that increases in temperature do 
not induce significant volumetric strains in anisotropically compressed 
undisturbed London Clay. It is considered by the author that specimen 
variability has a much more significant effect. This observation is consistent 
with previous literature (see Chapter 3, Sections 3.4.1 and 3.8.1) which 
indicated that heavily overconsolidated clays were thermoelastic and any thermal 
load effects were small. Furthermore, compressions in anisotropic tests occur 
only by inducing shearing stresses. Thus a greater resistance to compression 
occurs in oedometer tests. Hence, any thermally induced volumetric strains 
would be insufficient to overcome this enhanced resistance, unless the 
temperature increase was much larger than that employed in this study. 
Therefore, within the experimental errors of the apparatus and the temperature 
range used, no effect would be expected, as was actually observed. 
Examination of Figures E3 and E7 for reconstituted London Clay shows a 
significant curvature in the compression line before the virgin line is reached. 
This is attributed to the relatively low initial moisture contents and the 
preparation techniques (see Chapter 8, Section 8.3.6.1), although it should be 
noted that initial saturations were all greater than 95%. Unfortunately this 
'overconsolidated' type of behaviour appears to have disguised the expected 
thermal load effect (see Chapter 3, Section 3.8.1). It is possible that lightly 
overconsolidated material exhibits thermo-elasto-plastic behaviour, thus 
minimising the effects observed. This would be consistent with the previous 
literature which indicated that as the overconsolidation ratio increases so thermal 
load effects reduce (see Chapter 3, Section 3.8.1). Furthermore, there may be 
an effect due to using average values of void ratio change per stress increment. 
Overall, no thermally induced volumetric strains were observed. 
However, once the temperature increases had stabilised subsequent load 
increments show a tendency for the compression line to shift downwards. This 
may be also related to taking averages of void ratio changes. Another 
explanation could be that due to increased rates of consolidation occurring at 
elevated temperatures (see Section 10.4.3.1), a greater quantity of secondary 
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consolidation occurred. In other words due to a reduction in the duration of the 
primary phase, a longer time period is available for secondary consolidation. 
Thus greater changes in void ratio are observed at elevated temperatures. 
However, Figure E7 suggests that these effects increase as the stress applied is 
raised. 
Examination of Figure E32 (see Section 10.4.3.1) indicates that the difference 
in the rate of consolidation at elevated temperatures is less significant at higher 
stresses, indicating that the reverse would be true. However, at this stage no 
definite conclusions can be made, especially as the overall effect appears to be 
relatively small. Examination of compressibility data (see Section 10.3.2.1) 
may help to explain these effects. 
The above results show that for undisturbed London Clay a thermal load (25 to 
40 °C) which could be induced from kilns or in a landfill, will not cause 
compression of the sample. Instead sample variability would have a much more 
significant effect. Furthermore, between approximately 100 and 2000 kPa the 
volume change behaviour of undisturbed London Clay appears to be 
independent of elevated temperatures. However, this is discussed further in 
Section 10.3.2.1. 
For the reconstituted sample of London Clay where geological and 
compositional variability has been significantly reduced, a thermal load (25 to 
50 °C) did not induce any significant volumetric strains. However, the 
compressibility appears to be altered, indicated by the downward shift in the 
compression line (see Figures E3 and E7). Thus, if this material was used in a 
landfill liner, for example, and compacted at similar or lower moisture contents 
(producing a lightly overconsolidated clay) then no significant thermally 
induced strains would occur. However, once the temperature had reached a 
steady elevated state, the compressibility may increase slightly (see discussions 
in Section 10.3.2.1). 
10.2.2.2 Oxford Clay 
From Figures E2 and E6 it can be clearly seen that a curved compression line 
exists, very similar to that exhibited by undisturbed London Clay (see Section 
10.2.2.1). It is therefore concluded that the sample of undisturbed Oxford Clay 
is also HOC, which is consistent with its geology and sample location (see 
Chapter 4, section 4.2.6). As with the undisturbed specimen of London Clay, 
no preconsolidation pressure could be determined for undisturbed Oxford Clay. 
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Further form Figures E2 and E6 it can be seen that an increase in temperature 
had an erratic effect on the volumetric behaviour of undisturbed Oxford Clay. 
Furthermore, once steady state elevated temperatures had been reached no 
consistent change due to temperature was observed. The slight upward shift in 
the compression line shown in Figure E6 due to an elevation of temperature to 
60 °C is attributed to specimen variability, since no significant trend had been 
observed at any other temperature (see Figure E2). 
It worth noting that the same variability in the values of void ratio change per 
stress increment for repeated tests was observed as that exhibited by 
undisturbed London Clay. Thus, the same conclusion is deemed valid for 
undisturbed Oxford Clay. Therefore, it is felt that specimen variability 
dominates any thermal effects that may have occurred. 
No conclusions can be drawn from the behaviour of reconstituted Oxford Clay 
with respect to temperature. From Figures E4 and E8 it can be seen that an 
erratic trend occurs with temperature. However, this can be explained by the 
low initial saturation that occurred with these specimens, typically between 80 
and 70%. Thus even with normalisation attempted, these effects completely 
overshadow any thermal effects that may have occurred. In any further work 
these tests should be repeated at a higher degree of initial saturation. However, 
there proved insufficient time to do so in this study, and thus these data have 
been presented herein. It should be noted that the virgin compression line was 
still reached (see Section 10.3.2.2), thus useful data had still been collected and 
presentations made later in this chapter are still valid, especially if this limitation 
is appreciated. 
10.2.3 Reconstituted Samples: Test Set 2 
10.2.3.1 Keuper Marl 
Figures E9,10 and 11 illustrate the data corresponding to two sample batches, 
denoted mix A and mix B. It was necessary to use the second batch, mix B, 
because of the need to remix material to complete the intended programme. 
However, the results are presented separately because significant differences in 
batch behaviour were observed. This was indicated by changes to the Atterberg 
Limits. Mix B was found to have a slightly higher LL and PL (LL = 33, PL = 
20) than mix A, (LL = 30, PL = 19). This further indicated the power of 
Atterberg Limits in assessing compositional and behavioural differences quickly 
and cheaply (see Chapter 9, Section 9.3.1 and Section 10.3.3.1). It further 
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indicates how significant variations between samples can occur even when 
taken from the same location, a similar observation having been made with 
Lower Lias Clay in Chapter 9, Section 9.3.1. Thus sample control is of 
paramount importance. 
Figures E9,10 and 11 clearly show that no significant change in void ratio 
occurs due to temperature increases. A similar observation had previously been 
made with a silty clay (see Chapter 3, Section 3.4.1). Moreover, this 
observation is consistent with results from other tests conducted on Keuper 
Marl discussed previously (see Chapter 8, Section 8.3.2.5 and Chapter 9, 
Section 9.4.4). 
A shift in the compression curve, however, was noticed once the temperature 
increases had stabilised. Figures E9,10 and 11 clearly show that once at these 
elevated temperatures for the third stress increment (54 kPa applied), a 
significant reduction in compression occurred This could be attributed to a 
slight swell of the clay minerals present in Keuper Marl. Alternatively, 
flocculation effects may occur, increasing the resistance to compression, 
consistent with data and discussions presented in Chapter 9, Section 9.3.1 and 
9.4.4. 
Examination of the compositional data of Keuper Marl (see Chapter 4, Table 
4.2) suggests that no swelling minerals were present, although the minor 
chlorite content detected may exhibit swelling depending upon its nature (see 
Chapter 2, Section 2.3.6). Such 'swelling' chlorites have been previously 
observed in some samples of Keuper Marl (see Chapter 4, Section 4.2.3). 
Therefore, although both explanations are tenable, it is felt by the author that 
flocculation effects are the more likely explanation. This is consistent with 
other data presented earlier in this thesis (see Chapter 9, Sections 9.3.1 and 
9.4.4) and the sample's mineralogical data (see Chapter 4 Table 4.2). This will 
have implications for the permeability measurements made on this clay at 
elevated temperatures (see discussions in Section 10.5.3.1). 
From Figures E9,10 and 11 it can further be seen that after this stress 
increment, the compressibility appears to increase slightly thus accounting for 
the shift downwards in the compression line at elevated temperatures. This is 
attributed to a breakdown of the ped units due to weakened inter-ped bonds at 
elevated temperatures. Thus the apparent clay fraction and hence the 
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compressibility increases. Reformation via flocculation does not occur due to 
the increases in stress being applied to the specimens. In fact this may 
contribute to these breakdown effects. 
However, this downward shift in the compression line was not noticed for 
specimens tested at 30 °C (see Figure E9). This is attributed to the relatively 
low increase in thermal energy introduced into the system to reach this 
temperature. This energy input was insufficient to promote ped breakdown and 
thus overall the compressibility remains unchanged (see Figure E9). The initial 
upward shift in the compression line occurs due to the expansion effects 
discussed above. Hence, this explains why the 30 °C line runs roughly parallel 
to but above the 25 °C line, after the third stress increment. 
10.2.3.2 English China Clay, ECC 
The results for ECC are illustrated in Figures E12 and E13. This clearly shows 
that increases in temperature cause a downward shift in the compression line. 
These result from thermal loading which causes a weakening of the interparticle 
bonds, thus increasing the amount of volume reduction for a given stress. This 
observation was consistent with the previous literature (see Chapter 3, Section 
3.4.1). However, it is important to note that the downward shift in the 
compression line was only apparent at temperatures of 50 °C and above (see 
Figure E12). Hence, a significant thermal energy input is needed before 
volume contraction is observed. This is attributed to the enhanced resistance to 
compression offered in an anisotropic test such as this. 
This is attributed to the large particle size of ECC (see Chapter 2, Section 2.3.2 
and Chapter 4, Section 4.3.6) and volume change characteristics that are 
mechanically dominated (see Chapter 2, Section 2.6.4). This is consistent with 
the observations discussed in Chapter 9, Section 9.3.1 and 9.4.3, and further 
indicate that the thermal response of a well crystallised kaolinite is mechanically 
dominated. 
Further from Figures E12 and E13 it appears that a slight variation in 
compressibility occurs at increased temperature for a low stress range (less than 
approximately 150 kPa). Again a similar observation was made in the literature 
with an illitic clay (see Chapter 3, Section 3.4.1) and is discussed further in 
Section 10.3.3.2 
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It should be noted that variation in changes in void ratio corresponding to the 
highest stress increment occurred on occasion due to the extrusion of material 
between the load cap and ring. This accounts for the slight kink that occurred 
with the last readings. These readings have been ignored in calculations of the 
compression index, Cc (see Section 10.3.3.2). 
10.2.3.3 Wyoming Bentonite 
The results obtained are illustrated in Figure E14. In calculating normalised 
void ratios no averaging was attempted due to significant variations in void ratio 
changes for given stress increments between repeated tests. This may be 
attributed to disturbance effects, which would be greatest with long duration 
tests such as these. Typically a single test took over three weeks. 
Alternatively, these variations could also relate to physico-chemical changes that 
occur due to a slight corrosion of the aluminium confining ring used to hold the 
specimen in place (see Chapter 8, Section 8.3.3.3). This would release 
aluminium ions into the solution. However, due to the high concentration of 
sodium ions associated with this material, these small concentrations of 
aluminium ions are unlikely to affect the results significantly. Furthermore, it 
has been shown that if significantly high concentrations of sodium are present, 
they will exchange any aluminium present with such a material (Grim 1968). 
This conclusion was reinforced by the measured values of Cc and mv, which 
showed no significant variations between repeat tests (see Section 10.3.3.3), 
and by variations in void ratio changes occurring at higher stress. If these 
effects were physico-chemically generated it would be expected that these 
effects would reduce as the applied stress increased. Thus it is concluded that 
disturbance was the cause, highlighting the importance of such effects with 
oedometer tests. 
Even so the largest variation in changes in void ratio observed were ± 0.075. 
This represents an error of the order ± 3% due to the large changes in void ratio 
actually recorded (typically around 2), and thus can be considered less 
significant than with other clays. 
The behaviour illustrated in Figure E14 is typical of a sodium-dominated 
smectite (Mesri and Olson 1971; Sridharan et al 1986). The initial low 
compression tendency relates to osmotic forces, which enhances this material's 
resistance to compression (see Chapter 2, Section 2.6.4). However, as the 
normal effective stress increases above 32 kPa these forces appear less 
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significant and loading is more mechanically dominated. The slight reductions 
in compression observed at very high stresses are related to the low relative 
void ratios, hence moisture contents, that occur. Typically these approach the 
PL values, hence enhancing resistance to compression. 
From Figure E14 it can be seen that temperature appears to have an erratic effect 
on the volume change characteristics of Wyoming Bentonite. Overall, no 
volumetric strains were induced when the specimens were heated. This is 
ascribed to disturbance effects discussed above. Thus as disturbance of the 
apparatus dominates, it is concluded that when a thermal load (25 to 60 °C) is 
applied to reconstituted Wyoming Bentonite under low pressures (32 kPa), no 
significant volumetric strains are induced. Any thermal loading that does ocurs 
is cancelled by swelling effects (long term, see Section 10.3.3.3) that also occur 
when specimens are heated. Further evidence of this is shown in Section 
10.3.3.3. 
10.2.4 Load-unload Cycles: Test Set 4 
Figure E15 shows the results from tests conducted on ECC with two load- 
unload cycles (see Chapter 8), Section 8.3.2.4). This clearly shows that no 
volume contractions were observed when the specimens were heated from 25 to 
40 °C, at the start of the second load-unload cycle. This is consistent with 
previous observations discussed above (see Section 10.2.3.2). 
Due to the specimen's overconsolidated state when temperatures were increased 
(O. C. R. = 8), thermo-elastic behaviour is expected. This predicts that only a 
very small change due to elevation of temperature would occur. However, the 
specimen's overconsolidated state, material composition (a well crystallised 
kaolinite), nature of test (anisotropic) and relatively low temperature rise (25 to 
40 °C) accounts for why no change was actually observed. This is consistent 
with discussion presented in Chapter 3, Section 3.4.1 and 3.8, and Sections 
10.2.2 and 10.2.3.2. 
Further, from Figure E15 it can be seen that the second unload line exhibits a 
clear trend with temperature. For specimens at 40 °C, this unload line is above 
the corresponding line for specimens tested at 25 °C. This may be attributed to 
an accumulation of calculation error. However, a consistent trend exists, 
similar to observations in the literature made during unload tests on consolidated 
(to 1 MPa) kaolin (see Chapter 3, Section 3.6). Thus, a more likely explanation 
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of the behaviour observed in Figure E15, is that when kaolinite particles are 
oriented into a parallel alignment, thermally generated swelling in a similar 
fashion to that observed with smectites occurs, but to a lesser degree (see 
Chapter 3, Section 3.6). Although contradictory evidence has been presented in 
the literature, it is felt by the author that this explanation is the most tenable. 
This is supported by questions raised about this contradictory literature (see 
Chapter 3, Section 3.6). 
Thus in light of these data, the statement made by the author in Chapter 3, 
Section 3.6 needs modifying. Evidence presented herein suggests that 
kaolinites can swell due to elevated temperatures, given the correct particle 
alignment (i. e. parallel) and that the applied stress is decreasing. Thus, in an 
anisotropic test with platy particles, temperature will affect the unload line 
produced. 
Thus overall temperature affects both the physico-chemical and mechanical 
forces in kaolinites concurrently. However, mechanical forces nearly always 
dominate the thermal behaviour of kaolinites (see Chapter 9, Section 9.3.1 and 
9.4.3, together with Sections 10.2.3.2 and 10.3.3.2), unless circumstances are 
favourable (as discussed above) where physico-chemical forces may show 
some significant effects. 
10.2.5 Paraffin tests 
10.2.5.1 English China Clay 
Figure E 16 shows the effect of using a non-polar liquid like paraffin, where no 
direct fluid adsorption occurs, instead of bipolar water. However, these 
observations are based on only two tests and more testing is required before any 
trends with respect to temperature can be observed. Nevertheless these data do 
suggest that both compressibility and volume change characteristics are altered 
by temperature. It is not clear why this should be the case, thus necessitating 
repeat tests. 
Problems were also encountered with initial specimen preparations. The initial 
saturation was found to be much less than 95%, typically between 70 and 80%. 
However, when attempts were made to improve this by using higher initial fluid 
contents no improvement was observed. Instead paraffin was noticed to seep 
through the porous disc during specimen preparation, thus making initial 
parameters difficult to determine accurately. However, it is felt that such effects 
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would be less significant and consistent when using normalised plots, 
especially at higher stresses. It is possible that disturbance effects again account 
for the variations observed. 
With reference to Table 8.2 it can be seen that non-plastic behaviour was 
observed, typical of a material mixed with a non-polar fluid. However, with 
this non-polar fluid an increase in LL is observed (approximately 15%). 
Furthermore, when mixed the material felt more silky, both factors suggesting 
that the particles were smaller in size when ECC was mixed with paraffin. It is 
possible that a non-polar liquid such as this prevents particles aggregating into 
the typical large, almost fine silt sized, particles normally associated with this 
material when mixed with water. 
Although the particle size most likely does reduce when ECC is mixed with 
paraffin, the specimens used in this study were prepared at a higher pore fluid 
content (i. e. at the LL = 74%). This coupled with the low initial degree of 
saturation increases the starting void ratio above that produced when ECC is 
mixed with water. 
Furthermore, the compressibility has clearly increased as a result of changing 
the pore fluid to paraffin. This may be due to the low initial degree of 
saturation. However, the change in void ratio was consistent throughout the 
loading sequence, which would not be expected with partially saturated soils. 
Alternatively, the increased compressibility could be attributed to a reduction in 
particle size, consistent with the changes in the LL observed. Unfortunately 
due to the lack of experimental data no definite conclusions could be reached 
and more work is needed to confirm these trends. This would have to include a 
particle size analysis which compares the behaviour with the two fluids, no 
deflocculant being added to the ECC and water mixtures. 
From Figure E16 it can be seen that the compression line at 40 °C lies above 
that at 25 °C, for pressures greater than 100 kPa. Therefore, this cannot be 
attributed to temperature promoted aggregation of ECC particles, because if this 
was so the reverse effect would be anticipated; i. e. these aggregated units would 
tend to break down at higher stresses due to a weaking of interparticle bonds. It 
is therefore, considered by the author that it is more likely that this observation 
can be ascribed to initial specimen variability and accumulated errors in the 
calculation of void ratios. The latter result from the use of changes in void ratio 
used in this calculation, together with disturbance effects on the apparatus (see 
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Chapter 8, Section 8.4). Once again further data are needed to confirm these 
observations. 
10.2.5.2 Wyoming Bentonite 
The trends observed for WB when comparing the the influence of the two pore 
fluids (Figure E17) are more consistent and agree with similar observations 
made in the literature (Mesri and Olson 1971). 
Firstly it was observed that a tenfold reduction in LL occurred when WB was 
mixed with paraffin. The behaviour was also non-plastic, with no PL value 
being obtained. Problems did occur when finding the LL values due to this 
non-plastic behaviour. It proved very difficult to place the mixed material in the 
test cups, and problems especially arose when levelling the surface. Such 
effects were found to be less significant with ECC. Difficulties were further 
encountered due to the large variation in penetration due to only small changes 
in fluid content. Nevertheless, even when these factors were taken into account 
very significant changes did occur. This was further indicated by the nature of 
the oven-dried material. Once dried, WB mixed with paraffin fell into a 
powdery consistency at the slightest touch, an observation reminiscent of dried 
fine sands. However, when WB was mixed with water and then dried the 
material was hard and extremely difficult to break. This can be attributed to WB 
forming larger aggregated particles in paraffin. These form because no paraffin 
can penetrate the interlayers, thus the sheets can link together by interlayer 
cations to form larger particles. Evidence of this was apparent by the silty feel 
the material had when touched. 
Clearly this explains the differences observed between Figures E14 and E17 
and is consistent with previous observations made with other non-polar fluids 
(Buchanan 1964; Mesri and Olson 1971). The marked curvature seen in 
Figure E17 could be due to the silt-sized particles breaking under the action of 
increased stress. This effect would be promoted by increased temperature 
which could further weaken the bond which forms these aggregated particles, 
thus accounting for the downward shift in the compression curve (see Figure 
E17). 
It can be further seen that the void ratios with the two pore fluids are 
significantly different at a given pressure (see Figures E14 and E17). This is 
consistent with the values of LL obtained with the two pore fluids used (see 
Chapter 4, Table 4.2 and Chapter 8, Table 8.2). 
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10.3 COMPRESSIBILITY CHARACTERISTICS 
10.3.1 Introduction 
The data used to calculate m and cv have been normalised with respect to the 
same initial reductions in height, thus yielding the same initial change in void 
ratio. This eliminates any variation associated with apparatus creep. This was 
only attempted when variations in the measured data resulted from apparatus 
variation. Where other effects were felt to be significant this has not been 
carried out (e. g. reconstituted Oxford Clay, Wyoming Bentonite and paraffin 
tests). Figures E18, E19, E23 and E24 (Appendix E) illustrate the effects of 
normalisation on the my data of undisturbed London Clay and reconstituted 
Keuper Marl. It can be seen that no alterations of the trends observed occurred 
and thus the normalisation was deemed satisfactory. Any variations that did 
occur were small and within experimental errors. These errors included 
disturbance effects, which typically yielded errors in my of the order of 5 to 
10%, this being based on variations in deflection measurements of ± 0.015mm 
(see Chapter 8, Section 8.4). 
Figures E18 to E29 illustrate the variations in my observed over the stress range 
employed. The value of my plotted corresponds to the actual stress applied 
under which my was measured. 
10.3.2 Undisturbed versus Reconstituted Samples: Test Set 1 
10.3.2.1 London Clay 
Figures E18 and E19 illustrate the effects on my for undisturbed London Clay. 
From these it can be seen that temperature effects on my were erratic and the 
variations observed were due more to specimen variations, as discussed in 
Section 10.2.2.1. It is worth noting that as stress increases so my reduced, as 
did the significance of specimen variations. This trend was typical of what was 
expected and corresponds to densification of the material reducing the volume 
compressibility. No value of Cc could be obtained because the virgin 
compression line had not been reached with the stresses applied to the 
specimens. This further indicates that the sample was heavily overconsolidated 
(see Section 10.2.2.1). 
Previous literature had indicated that variations in the effect of temperature on 
my would occur as stress changed (see Chapter 3, Section 3.4.2). However, 
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these effects are more likely to be due to specimen variations which typically 
occur with undisturbed samples and thus explain the observations made in the 
literature. 
Figure E20 shows the results for reconstituted London Clay. This shows that a 
slight trend does occur, with increased temperature slightly increasing m,, once 
temperature had reached a steady state condition. However, some variations 
were observed and may be attributed to experimental errors. This trend seems 
to confirm those elucidated in Section 10.2.2.1. However from Figure E20 it is 
clear that at stresses above 248 kPa compressibility is independent of 
temperature. This was consistent with the values of Cc obtained (see Table 
10.1). The variations of my with the temperature are consistent with the 
observations made by Plum and Esrig (1969), who showed that Cc was a 
function of temperature up to pressures equal to 200 kPa. Changes in 
compressibility at low stresses could be related to thermal physico-chemical 
effects, which weaken the fabric causing a slight increase in compression for a 
given stress. 
Conversely changes could be related to longer secondary consolidation periods, 
especially considering that the same load durations were applied throughout. 
The results with mv further indicate that these effects reduce as stress level 
increases suggesting that the shift in the compression line, which is more 
apparent at higher stresses, is a function of the method used to calculate the void 
ratio. Thus this clarifies the discussion made in Section 10.2.2.1. 
The increase in my that occurs up to stresses of 248 kPa could relate to greater 
than proportional changes in void ratio that occur as the virgin compression line 
is reached, again suggesting that this specimen exhibited overconsolidated 
behaviour. Furthermore, by comparing my value for undisturbed and 
reconstituted specimens (see Figures E19 and E20) it can be seen that the 
undisturbed specimens are slightly stiffer. This is due to the slight cementation 
of particles that typically occurs in undisturbed samples. 
Overall, these data indicate that for reconstituted specimens at stresses up to 
about 250 kPa, the compressibility is enhanced at elevated temperatures. 
However, with undisturbed specimens, variability is a much more critical factor 
explaining some of the contradiction presented in the literature (see Chapter 3, 
Section 3.4.2). Hence, reconstituting London Clay significantly enhances the 
sensitivity of its compressibility characteristics to temperature. 
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10.3.2.2 Oxford Clay 
Results for undisturbed Oxford Clay are shown in Figure E21. From this a 
similar conclusion to that reached with undisturbed London Clay is drawn. 
This is also consistent with the discussion in Section 10.2.2.2. The variation 
observed with 60°C is considered to be due to specimen variability, especially 
when the results at other temperatures are accounted for. Again, as with 
undisturbed London Clay, no Cc value could be determined. The increase in 
mv observed with pressure at 248 kPa is attributed to a greater than proportional 
change in void ratio as a heavily overconsolidated clay changes to a less heavily 
over consolidated one. 
The effects on mv for reconstituted Oxford Clay are shown in Figure E22. No 
normalisation of data has been attempted due to the specimen's initially partially 
saturated conditions. Thus as expected an erratic trend was observed. The 
values of Cc (see Table 10.1) indicated that at higher stresses (p'> 124 kPa) 
compressibility is independent of temperature, which is consistent with Figure 
E22 and the previous literature (see Chapter 3, Section 3.4.2). 
10.3.3 Reconstituted Samples: Test Set 2 
10.3.3.1 Keuper Marl 
Figures E23, E24 and E25 show that the my results are consistent with the 
discussion in Section 10.2.3.1. These figures further indicate that increases in 
temperature did not significantly alter the compressibility of Keuper Marl (both 
mixes). However, once steady state conditions had been reached significant 
changes due to temperature occurred. For pressures equal to 54 kPa my was 
reduced at elevated temperatures due to the 'swell' effect discussed in Section 
10.2.3.1. However, with the next applied pressure a partial collapse of this 
structure or ped units occurs, yielding increases in my at elevated temperatures. 
Differences between batches were observed at pressures greater than 107 kPa, 
as indicated by my and Cc (see Table 10.1). For mix A compressibility was 
largely independent of temperature, although a slight trend could be observed, 
with specimens at elevated temperature being marginally more compressible. 
These differences disappear at larger stresses (i. e. above 440 kPa). However, 
for mix B elevated temperatures exhibited increased compressibility (see Figure 
E25 and Table 10.1). Since it small, this effect could be deemed to be within 
experimental errors, although consistent trends did occur and are believed to be 
valid. This is attributed to a slight difference in the nature of the ped units 
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formed with the two samples. Sample B was more sensitive to temperature 
changes, indicated by its higher Liquid Limit. Thus, further work is required to 
confirm this (if only in terms of statistical significance of more data) and to 
examine whether or not this occurred as a result of ped breakdown, as 
suggested in Chapter 9, Section 9.4.4 and Section 10.2.3.1. 
The overall trend of m" with stress was as expected, consistent with 
observations made in Section 10.3.2. 
10.3.3.2 English China Clay, ECC 
The results shown in Figure E26 are consistent with discussions presented in 
Section 10.2.3.2 and with the overall trend as discussed elsewhere in Section 
10.3.2. For increases in temperature at pressures equal to 13 kPa, an increase 
in my was observed, this being ascribed to a thermal load effect (see section 
10.2.3.2). However, Figure E26 further indicates that for stresses up to about 
60 kPa, compressibility is enhanced at elevated temperatures. However, as 
discussed in Section 10.2.3.2, only at temperatures of 50 °C and above were 
any differences discernible. Above 60 kPa, these differences are significantly 
reduced eventually becoming non - existent at stresses above 150 kPa. 
Therefore, for pressures of 150 kPa and above the compressibility of 
anisotropically normally consolidated ECC is independent of temperature, 
consistent with Cc data presented in Table 10.1. 
Up to 60 kPa significant physico-chemical forces persist even though physico- 
chemical interparticle bond strength has been estimated at 15 kPa (see Section 
2.5.4). Thus, thermal effects will be anticipated to exist up to these applied 
stresses. Therefore, a slight thermal physico-chemical effect can be exhibited 
by ECC under the correct circumstances, e. g. low applied stresses (up to 60 
kPa) and where stress paths and particle orientations are favourable (see Section 
10.2.4). It is hypothesised here that the applied stress above which temperature 
ceases to affect compressibility varies negatively with particle size. This is 
because although this phenomenon is anticipated to occur at the same (critical) 
contact stresses due to the similarity of the surface structure of all clays, varying 
clays have different contact stresses under the same applied pressures. For 
example clays with large particles present (e. g. ECC) these critical contact 
stresses will be reached at lower applied pressures than with illites and in turn 
smectites. Therefore, temperature dependent compressibility will cease at lower 
applied pressures as the size of particles increases. Data to support this have 
been presented in this study with kaolinites (i. e. at 60 kPa) and in the literature 
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with illites (i. e. at 200 kPa, see Chapter 3, Section 3.4.2). This implies that 
with smectites a larger applied stress has to be reached before mechanical 
responses (temperature independent compressibility) occur. This will also vary 
with morphology, i. e. for soils with plate like particles this behaviour most 
likely occurs at higher stresses than soils with rotund particles. However, it is 
important to note that thermal osmotic effects must be considered with certain 
clays, e. g. smectites (see Section 10.3.3.3). 
From 60 to 150 kPa the transfer between the two distinct types of thermal 
behaviour occur. Overall though, it is clear that thermal mechanical effects 
dominate the temperature response of ECC. This, explains why no change in 
Cc was observed and why the most pronounced change occurred when 
temperature was increased. This is consistent with data presented elsewhere, 
see Chapter 9, Section 9.3.1 and 9.4.4. However, thermal physico-chemical 
effects do occur concurrently and may show some significance in the correct 
circumstances. 
A kink in the compression curve was noticed, this occurring at approximately 
150 kPa. Nevertheless, from Table 10.1 it can be seen that the variations were 
small and within experimental and calculation errors. Furthermore, on three 
occasions this behaviour was not observed, suggesting that experimental errors 
could account for the observation. If such effects do occur they are extremely 
small and thus difficult to determine and, bearing in mind that this is pure 
kaolinite, are unlikely to be significant in practice at normal kaolinite contents. 
10.3.3.3 Wyoming Bentonite 
The data presented in Figure E27 have not been normalised because significant 
variations in initial deflection occurred. These were attributed to disturbance 
effects, as were subsequent variations in void ratio changes (see Section 
10.2.3.3). Physico-chemical variations were felt not to be significant, this 
being supported by both Figure E27 and Cc values in Table 10.1. Both of these 
sets of data showed that my and Cc were repeatable to a reasonable degree, 
variation thus being attributable to experimental and calculation errors. The 
values of Cc quoted in Table 10.1 are typical of a sodium smectite (Lambe and 
Whitman 1979). 
The results in Figure E27 show low values of my at 32 kPa, whereas an 
increase in stress to 62 kPa showed a large increase in mv, before further 
pressure increments exhibit typical behaviour (see Section 10.3.2). This is 
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attributed to physico-chemical osmotic forces which enhance resistance to 
compressions. However, at stresses equal to 62 kPa and above these forces 
became less significant and mechanical force begins to dominate behaviour (see 
Section 10.2.3.3), indicated by the large but consistent reduction in mv. 
Temperature showed a clear trend, with increased temperature reducing mv. 
This is attributed to thermal swell effects resulting from increased osmotic 
forces. However, observations made on tests conducted at 70°C differ because 
swelling was only noticed initially when the temperature was increased from 25 
to 70 °C (applied pressure = 62 kPa). This is attributed to thermally generated 
pore pressures, which build up as result of the very low permeability of this 
material. This dissipated after some time and thus the distinctions between long 
and short term swelling needs to be made. Unfortunately, the test conducted at 
70 °C had to be prematurely terminated, thus no my data could be collected. 
This does illustrate that thermally generated swelling can be promoted by two 
mechanisms, one short term which subsequently dissipates (i. e. increased pore 
pressures), the other long term (i. e. osmotic swell). The latter is smaller in 
magnitude and depends on the stress applied, tending to reduce in significance 
as pressures increase (see Figure E27). It is interesting to note that at pressures 
between 120 and 480 kPa elevated temperatures have enhanced the 
compressibility, further supporting the hypothesis presented in Section 
10.3.3.2. These differences eventually disappear at pressures of 480 kPa and 
above (see Figure E27). 
10.3.4 Paraffin Tests 
10.3.4.1 English China Clay 
Figure E28 shows that my was not significantly affected by temperature. Table 
10.1 indicates that Cc varied, but only slightly. Thus from the limited data 
available it is suggested that temperature has no effect on the compression 
behaviour of ECC when mixed with paraffin. However, more data are needed 
to confirm this trend. 
Significant differences in the compression behaviour of ECC occurred with 
changes in polarity of pore fluid. Comparing Figures E26 and E28 it can be 
seen that my was increased when tested with a non-polar fluid. This trend was 
confirmed by a doubling in Cc that also occurred with this fluid (see Table 
10.1). These data suggest again that the explanations given in Section 10.2.5.1 
are tenable. 
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10.3.4.2 Wyoming Bentonite 
Comparing Figures E27 to E29 it can be seen that the results are entirely 
consistent with those presented in Section 10.2.5.2. From the figures it can be 
seen that my is much reduced (by approximately an order of magnitude) due to 
paraffin, these effects reducing as stresses increase. Furthermore, the osmotic 
effects at low stresses seen with WB mixed with water are clearly not evident 
with paraffin, suggesting that the explanation offered in Section 10.3.3.3 is 
correct. The changes in my in the paraffin tests suggest that contacts are solid to 
solid, and thus mechanical behaviour dominates. 
Overall no significant trend was observed with respect to temperature, 
suggesting that particle break-up may not be as significantly affected by 
temperature as was previously suggested (see Section 10.2.5.2). No Cc data 
were obtained because the virgin compression line was not reached. 
10.4 CONSOLIDATION CHARACTERISTICS 
10.4.1 Introduction 
Figures E30 to E39 (Appendix E) illustrate the effect of temperature on the 
coefficient of consolidation (cv) with respect to void ratio. Typically previous 
researchers have plotted cv against pressure. However, it is felt that deviations 
in cv may be directly attributed to differences in void ratios at a given pressure, 
which relate to variations in initial specimen void ratios. This is particularly 
prevalent with undisturbed specimens. Herein, calculations have been based on 
normalised data relative to the same initial change in void ratio (see Section 
10.3.1). As was previously discussed not all of the data have been normalised 
(see Section 10.3 where appropriate). 
Significant errors occur with these data (see Chapter 8, Section 8.4). The first 
relates to the determination of void ratio and has previously been discussed 
elsewhere (see Chapter 8, Section 8.4 and Section 10.2.1). These vary from 
clay to clay, as does their significance. However, these are estimated at being 
typically in the region of ± 0.01 to ± 0.02, the calculations being based on 
estimated variations in the height of solid particles (HS). 
Errors also occur in the values of c,, due in part to variations in measured 
deflection resulting from disturbance effects (see Chapter 8, Section 8.4). 
However, such effects are relatively small especially when compared with the 
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effects of accuracy of the graphical techniques used to determine cv. For only 
small variations in do and d100 (typically ± 0.01mm, see Chapter 8, Section 
8.4), and hence t50, relatively large errors in cv will result. These are estimated 
to be of the order of 5 to 20% varying with temperature, pressure and clay 
tested. This was particularly important with ECC, whose t50 values were very 
small (typically of the order of several seconds), thus such errors are likely to 
be more significant with these data due to its sensitivity to calculation and 
plotting accuracy. This accounts for the variations in the data produced from 
repeat tests (see Figure E38). By comparison for WB such variations are less 
significant due to its slow consolidation rate (typically t90 was over 2000 
minutes) As a result the data produced showed more consistency with repeat 
tests (see Figure E39). Unfortunately, full quantification of such errors is 
impossible due to the variation in their type, sources and significance. Thus 
estimated values are viewed to give a reasonable indication of their significance. 
Therefore, any variations that occurred due to normalisation are deemed 
insignificant when compared with the errors discussed above. Hence, 
normalisation is considered a valid technique to be used and will eliminate one 
possible source of error, namely variation in initial void ratio changes. 
Although the data in Figures E30 to E39 are subject to significant scatter, the 
trends shown are deemed valid due to some consistency in the errors causing 
this scatter, which will occur regardless of the temperature at which testing was 
conducted. 
The data for Figures 10.1 to 10.8 were obtained directly from Figures E30 to 
E39, respectively. These figures show the variation of the measured ratios of 
cv (relative to a chosen datum, 25 °C) plotted against temperature. This is 
overlain by a similar plot of a predicted ratio based on changes of water's 
viscosity with temperature, as discussed in Appendix E, Series E3. The values 
of cv used correspond to those at different temperatures, for a given void ratio. 
However, this assumes that linear interpolation between two successive data 
points is valid. Although, this assumption is not strictly valid, especially when 
the changes in these parameters with void ratio are moderate, it does serve as a 
reasonable working base from which to assess temperature effects. From these 
graphically determined values of cv, the 'measured ratio' can be determined (see 
Appendix E, Series E3). If more than one value of cv were obtained at 25 °C, 
an average of these values was used in this calculation. To examine the degree 
of scatter, the individual measured ratios at 25 OC were also divided by this 
averaged value. 
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Ratios for up to three different void ratios per clay have been assessed where 
practical, enabling examination of the effects of stress on the measured curves 
shown in Figures 10.1 to 10.8 to be made. However, on occasion only one or 
two void ratios could be used due to the suitability of the data overall. 
The predicted values used are based on the Kozeny-Carmen and Terzaghi 
equations (see Equations El and E6, respectively, Appendix E, series E3). 
Although, the Kozeny-Carmen equation does not accurately predict absolute 
values for clays (see Chapter 2, Section 2.6.4), it is considered suitable to 
investigate changes due to temperature relative to the datum of 25 °C. This is 
because it utilises factors which control both k and cv (see Equations E2 and 
E6, Appendix E). 
10.4.2 cv versus void ratio 
Before any temperature effects are discussed, an interesting trend generally 
occurred with the data regardless of temperature. From Figures E30, E3 1, E32 
and E39 it can be seen that as pressure increases, or void ratio reduces, so cv is 
reduced. However, in Figures E35 to E38 the opposite trend is clearly seen. 
Differences such as these have occurred with previous data when comparisons 
between soils tested are made. Finn (1951) when testing a silty clay and 
Habibagahi (1975) when testing a Paulding soil observed trends consistent with 
Figures E35 to E38. However, similar presentations of the results of smectitic 
clays exhibited the opposite effect (Buchanan 1964; Sridharan et al 1986). 
Thus, cv is related to void ratio/pressure in a complex fashion which varies with 
initial state, mineralogy and hence compositional nature. 
It appears from the limited data available that clays with a higher plasticity index 
(PI) (e. g. Wyoming Bentonite) or those which are overconsolidated (O. C. ) 
(e. g. London Clay) exhibit reduced cv as pressure increases. By contrast, for 
clays that are normally consolidated and have a lower PI (e. g. Keuper Marl and 
English China Clay) the reverse is observed. It is felt that this is because cv 
relates not only to the rate of flow of water out of a soil specimen, as measured 
by the coefficient of permeability (k), when a stress is applied, but also to the 
compressibility of the soil (or mv). This assumes full saturation, unchanged 
fluid properties and that Terzaghi's law is valid. This relationship is shown by 
Equation E6 in Appendix E. 
288 
Elucidation of this phenomenon can be made by examining this behaviour over 
a given pressure range. For Wyoming Bentonite and London Clay, my remains 
relatively high over the initial pressure range, actually increasing before if 
reduces in most cases (see Sections 10.3.2.1 and 10.3.3.3). By comparison, 
for the same pressure range k is significantly reduced (see Section 10.5). Thus 
the pore size and distribution (macro or interaggregate pores) reduce 
considerably due to fabric collapse/ rearrangement (see Chapter 2, Section 
2.5.4) even though my is maintained when pressure increases. Thus overall cv 
reduces in a similar fashion to k and dominates behaviour as pressure increases 
still further. 
By contrast, for a similar pressure range ECC and Keuper Marl exhibit both a 
reducing my and k, with my decreasing by a greater amount. This was 
indicated by the large initial decrease in my witnessed in Figures E23 to E26. 
Hence, the 'collapse' of the internal fabric and the associated macropores is less 
significant than the enhanced stiffness of the specimen. This relatively rapid 
increase in stiffness (mv reduces) to a certain degree maintains the integrity of 
the macropores at higher pressures. Therefore, a relatively more open fabric 
exists under this pressure range, leading to an increase in cv, which continues 
to rise as pressure increases. 
It is clear that the changes to compressibility (mv) with respect to pressure 
dominate the relationship of cv with pressure. This is further seen by the 
consistent trend k exhibits with pressure regardless of the clay tested, unlike mv 
and cv. 
10.4.3 Undisturbed versus Reconstituted Samples: Test Set 1 
10.4.3.1 London Clay 
From Figures E30 and E31 it can be seen that there is a definite tendency with 
undisturbed London Clay for c, to increase at elevated temperatures, at a given 
void ratio. This is further shown in Figure 10.1. However, there is a 
considerable degree of scatter in all of these plots due to a combination of 
experimental and calculation errors (see Section 10.4.1) and specimen 
variability (see Section 10.2.2.1). Unfortunately, only two cv values per test 
were collected, thus only limited conclusions can be drawn. Figures E30 and 
E31 further show the minimal effect that normalisation has on the trends 
produced. 
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Examination of Figure 10.1 helps to clarify the trend observed with 
temperature. However, it is important to note that to produce this Figure, data 
were collected at a void ratio equal to 0.64. At this void ratio, the specimens 
were under a range of different stresses, associated with the large differences in 
their initial void ratios. It is therefore likely that the fabrics, pore sizes, shapes 
and distributions differ from specimen to specimen at this void ratio, 
exacerbating the scatter produced. 
From Figure 10.1 it can be concluded that predicted cv changes based solely on 
viscosity will underestimate cv values at 35 and 40°C for undisturbed London 
Clay. Thus, at these temperatures the pore size and distribution changes, 
caused by thermally generated particle rearrangement, enhance the pathways of 
water flow. Alternatively, the interparticle bonds are weakened sufficiently 
becoming less viscous in their nature, allowing more rapid particle to particle 
movements. It is felt that both phenomena occur concurrently. 
From Figure E32 a pronounced kink in most of the curves presented was 
observed, corresponding to a pressure of 495 kPa. This kink is attributed to a 
combination of initial specimen variability and the significant changes in 
stiffness that occur when the stress state of the reconstituted specimens is 
changed from lightly over consolidated to normally consolidated (see Section 
10.3.2.1). The first data points in Figure E32 (i. e. at the highest void ratio), 
correspond to the highest my value (see Figure E20). The slight specimen 
variability, both in terms of stress state and material differences, accounts for 
why this behaviour was not observed with all the specimens tested, though 
overall this again illustrates the influence of compressibility on cv data (see 
Section 10.4.2). 
It is worth noting that the reconstitution of London Clay had a far greater effect 
on cv than temperature (see Figures E31 and E32). Reconstituted specimens 
exhibited much lower cv values than when in an undisturbed state. This is 
directly related to changes in the clay's fabric, from a relatively open one in the 
undisturbed state to a more closed arrangement when reconstituted. Such 
effects reduced in significance at lower void ratios. This is presumably due to 
the undisturbed material becoming more normally consolidated, with the 
elimination of initial fabric and pore differences. 
From Figure E32, and 10.2, it is clear that elevated temperature raises cv. 
Figure 10.2 allows this relationship to be more closely examined, with 
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consideration of the influence of applied stress level. Figure 10.2 clearly shows 
that as the void ratio reduces, so greater agreement between measured and 
predicted values is reached. However, at the lowest void ratio (e = 0.625) there 
is a slight tendency for the predicted values to underestimate the measured 
values (see Figure 10.2(c)). This is due in part at least to the greater 
significance of experimental errors (see Section 10.4.1) indicated by the larger 
scatter that occurs at 25°C compared to that at the higher void ratios. Overall 
though, the deviations are mostly above the line (at e=0.625) suggesting that 
viscosity is not the only factor controlling the thermal variation of cv at this void 
ratio. Other factors include reduced viscosity of interparticle contacts, allowing 
an enhanced rate of relative movement (discussed above), together with the 
influence of thermal changes to adsorbed water. These latter changes would be 
anticipated to be more significant at higher stress levels (see Chapter 2, Section 
2.4.5). 
At a void ratio of 0.625 (i. e. moisture contents below the PL) corresponding to 
an applied pressure of 1 MPa, most of the pore water is no longer in a free state 
(see Chapter 5, Section 5.2.1). Therefore, changes to this adsorbed water due 
to temperature would be more apparent than for specimens under lower applied 
stress or higher void ratios. 
At the highest void ratio (e = 0.775), shown in Figure 10.2(a), the scatter at 40 
and 50°C may be attributed to a number of reasons. Firstly, as discussed 
above, at this void ratio the influence of stress state changes are apparent. 
Furthermore, slight specimen variability may still be present. Alternatively, at 
these temperatures the viscosity of the interparticle contact together with 
promotion of an open fabric will enhance the consolidation rates observed. 
Coupled with this the compressibility is slightly increased by elevation of 
temperatures (see Section 10.3.2.1) which would tend to reduce the 
significance of temperature on cv (see Equation E6, Appendix E). However, it 
is most likely that all these events occur concurrently with the net effect 
presented in Figure 10.2. The first explanation was further supported by the 
large anomaly ratio value (3.7) that was observed in Figure 10.2(a) at 50°C. 
Overall it can be concluded that using viscosity changes to predict the variation 
of cv with temperature is valid, after allowing for experimental and calculation 
errors. Deviations from this were observed at lower stress (p' < 495 kPa) due 
to the influence of initial specimen variability and errors. This was particularly 
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apparent at higher temperature (40 to 50°C). Further deviations, although 
slight, were also noticed at higher stresses (p'> 1 MPa), where adsorbed water 
and contact nature changes very significantly influence consolidation rates. 
Thus the correction factors shown in Chapter 8, Table 8.3 will give a 
reasonable estimation of the changes to cv at elevated temperatures. Deviations 
will occur at high or low stresses and at higher temperatures. Furthermore, 
applying these procedures to conditions in situ would be less reliable, any 
thermal effect being totally disguised by the specimen's variability. Hence, this 
explains why previously proposed correction factors have met with only a fair 
degree of success. 
10.4.3.2 Oxford Clay 
The results for undisturbed Oxford Clay are shown in Figures E33, and 10.3. 
Figure E33 shows that a considerable scatter in the data occurs, resulting in no 
consistent trend being observed for cv versus void ratio. This is attributed to a 
large degree of specimen to specimen variation, typical of undisturbed samples. 
A slight remoulding which occurred during preparation (see Chapter 8, Section 
8.3.6.1) would have exacerbated this effect. Overall though there is a clear 
tendency for cv to increase at elevated temperatures (see Figure 10.3). 
In Figure 10.3 it is clear that although a relatively large scatter is produced at 
25°C, the predicted and measured values agree reasonably well, only deviating 
significantly below the line at 60°C. This is attributed to thermally generated 
changes to the pore factor (see discussions in Section 10.4.3), although 
specimen variability may also account for this observation, consistent with 
discussion presented in Sections 10.2.2.2 and 10.3.2.2. The latter explanation 
is further supported by the consistency of the reduction in the deviation at 60°C 
that occurs at the lower void ratio (0.54) (see Figure 10.3). The larger scatter at 
the higher void ratio (Figure 10.3(a)) is consistent with the closer proximity to 
the specimen's initial stress state at this void ratio. Therefore, overall for 
undisturbed Oxford Clay thermal changes to cv are viscosity dominated. 
Examination of Figure E34 shows that for reconstituted Oxford Clay cv is 
erratically affected by temperature, due to the initially partially saturated state of 
the specimens. This overshadowed any thermal effects that would have 
otherwise occurred. This was further illustrated in Figure 10.4(a) where the 
measured ratio remained relatively constant regardless of temperature. Typical 
of these partially saturated specimens, a large scatter is observed at 25°C. 
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Although the deviations between the measured and predicted values were less in 
Figure 10.4(b), consistent with specimens becoming fully saturated, the initial 
variability persists. 
Therefore, overall for fully saturated specimens of Oxford Clay, regardless of 
initial state, thermal responses of cv are viscosity dominated. However, 
variations in the initial degree of saturation overshadow these effects, 
influencing behaviour up to pressures around 1 MPa. This aside, the correction 
factors presented in Chapter 8, Table 8.3 will yield very good approximations 
of cv for temperatures up to 40°C. At 60°C, and therefore possibly above, 
differences may occur with predictions overestimating the actual values, 
although specimen variability has largely disguised this effect. 
From the data presented in Section 10.4.3 it is clear that a sufficiently high 
elevation of temperature is required (i. e. 25 to = 60°C) before viscosity changes 
fail to adequately predict the thermal responses to cv. It is also possible that 
these effects are more apparent at lower void ratios where contact points are 
more solid in their nature. This hypothesis will be examined further in the next 
section (see Section 10.4.4). 
10.4.4 Reconstituted Samples: Test Set 2 
10.4.4.1 Keuper Marl 
From Figures E35, E36, E37,10.5, and 10.6 it can be seen that after allowing 
for experimental errors, which account for the variations in repeated tests, an 
elevation of temperature increases cv. This effect was generally consistent, 
although only noticeable at 40°C and above. Figures 10.5 (a) and (b) generally 
indicate that changes to the viscosity of water dominate any thermal effects on 
cv. The observed deviations observed in Figure 10.5 (a) and (b) at 30°C and at 
40°C in (b) are attributed to inherent errors in the analysis. Here, the stress 
applied to achieve these chosen void ratios of 0.6 and 0.5 differs with these 
specimens from the others tested. This results from differences in the initial 
void ratio (eo), typically around 0.03, which occurs due to initial moisture 
content variations of less than 1% (all other things assumed equal). The net 
result is that at these specific void ratios the applied stress is slightly lower than 
for the other specimens tested. As a consequence the fabric and hence pore 
nature differs with these specimens. This results in cv being lower than 
expected at these specified void ratios (see Figure E36 and Section 10.4.2). 
293 
A significant and consistent deviation below the predicted curve is observed at a 
void ratio equal to 0.44 and to a lesser extent at 0.5 (see Figure 10.5 (c) and 
(b), respectively). This observation is consistent with discussions presented in 
Chapter 9, Section 9.4.4 and Section 10.3.3.1. This effect is therefore 
attributed to a breakdown of the ped units within the clay, promoted both by 
higher temperatures and high pressures (in this case p'= 850 kPa). This yields 
a more closed pore network and hence reduces the effect of temperature on cv. 
The net effect is that viscosity overestimates the effect of temperature. The 
deviation at 30°C, however, is felt to be consistent with earlier suggestions 
made above. Data in Section 10.2.3.1 indicated that at 30°C the thermal energy 
was insufficient to cause breakdown of the ped units. 
The data presented in Figure 10.6 is entirely consistent with the discussions 
above. 
10.4.4.2 English China Clay 
The results for English China Clay are illustrated in Figures E38 and 10.7. 
These clearly show that an elevation of temperature increases cv. It should be 
noted that the largest errors occurred at the lowest void ratios and highest 
temperature, due primarily to the time required to complete primary 
consolidation (ti00 was around 30 seconds at the highest stresses and 
temperatures). This was a result of the relatively high k values, which were 
typically around 1 to 8x 10-9 m/s (see Section 10.5.3.2). These difficulties 
become clear when the data were plotted against the logarithm of time. Due to 
these extremely fast consolidation times do was difficult to determine 
accurately, although variations were typically within the expected range of ± 
0.01 mm. To attempt to overcome this problem the 'root time' method was also 
used. However, the variations in do with these plots were even greater, due to 
difficulties in interpreting the graphs. Thus, the data presented in Figure E38 
are related to 'log time' plots only. Therefore, it is concluded that the larger 
variations of cv with temperature observed at lower void ratios are largely due 
to experimental errors. This suggests that the oedometer may not be properly 
suited to determine consolidation data for this clay. Any trend that occurs is 
certain to be masked by these experimental errors. 
From Figure 10.7 it can be clearly seen that the effect of temperature on cv is 
generally viscosity dominated. The large scatter produced at a void ratio equal 
to 1.2 (Figure 10.7(a)) is attributed to experimental errors discussed above and 
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inherent calculation errors (see Section 10.4.4.1). The deviation below the line 
at 60 and 70°C is consistent, and hence is ascribed to a relative partial collapse 
of the fabric which occurs from the thermal loading induced to obtain these 
elevated temperatures (see Section 10.2.3.2). As stresses increase so the scatter 
in the data tends to reduce. Overall it appears that the changes in cv are 
viscosity dominated. However, at a void ratio of e=0.85 (see Figure 10.7 
(c)), there appears to be a consistency about the deviation below the predicted 
line. Nevertheless, it is felt that when all the errors are considered, this trend is 
insignificant and the changes are totally viscosity dominated. 
10.4.4.3 Wyoming Bentonite 
From Figures E39, and 10.8 it can be seen that the most repeatable results 
occurred with this clay. This was presumably due to the large consolidation 
times and deflections associated with this material (see Section 10.4.1). Thus 
experimental errors were far less significant (see Section 10.4.1). However, 
due to these large consolidation times the 'root time' plots had to be used to 
determine cv. This is because with 'log time' plots problems were encountered 
when trying to determine d100 accurately. From Figures E39, and 10.8 it is 
clear that an elevated temperature increases cv. Examination of Figure 10.8 
shows that at void ratios equal to 7 and 4 (to a lesser extent), viscosity 
dominates the variation of cv with temperature. However, at the lowest void 
ratio (e = 2) a significant and consistent deviation below the predicted line 
occurs. This is attributed to the increasing influence of quasi-crystalline 
interlayer water to thermal effects, as the pore water becomes mostly in an 
adsorbed state (see Chapter 2, Section 2.4.5). Although the viscosity of this 
water changes with temperature, quasi-crystalline water enhances the resistance 
to flow of water overall. This tendency can also be seen in Figure E39 where 
the three curves presented tend to converge as the void ratio reduces. 
Eventually temperature will possibly at some very low value of void ratio cease 
to affect cv, supporting the hypothesis advanced in Section 10.4.3. 
Unfortunately, confirmation of this could not be made due to the very high 
stresses that need to be applied in order to achieve these very low void ratios. 
Thus unfortunately this still remains largely hypothetical. 
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10.4.5 Paraffin tests 
Although no data could be collected due to the very rapid consolidation rates 
associated with material mixed with paraffin, some visual observations were 
made. The difficulties associated with using oedometer tests to determine cv for 
these mixes were highlighted by the problems encountered with ECC (see 
Section 10.4.4.2), whose permeability is of at least an order of magnitude less 
than these mixtures. 
However, it was observed that consolidation of ECC with paraffin was 
significantly slower than that of WB paraffin mixes. This further supports the 
results discussed in Sections 10.2 and 10.3 and can again be attributed to size 
related effects. These observations further indicate that film effects are 
considerably more significant than temperature with both clays. A similar 
observation has previously been made with sodium and calcium 
montmorillonites mixed with a non-polar fluid (Buchanan 1964). 
Unfortunately, due to the speed of consolidation no observations with respect to 
temperature could be made, although it would be expected that increased 
temperature would increase cv due to reductions in viscosity of the pore fluid 
with temperature. Other effects may be present, but due to the likelihood of 
solid contacts it is felt that viscosity effects would be dominant. 
10.5 PERMEABILITY CHARACTERISTICS 
10.5.1 Introduction 
Figures E40 to E49 show the coefficient of permeability (k) plotted against void 
ratio. Normalised void ratios have been used to be consistent with data 
presented in Section 10.4. It should be noted that not all the clays have had 
their data normalised (see discussions in Sections 10.3.1 and 10.4.1). The 
effects of normalisation are illustrated by comparing Figure E40 with E41 and 
E45 with E46. This clearly shows that only minor differences are observed, 
relating to the slight variations that occur with initial void ratio changes. 
The k values illustrated in Figures E40 to E49 were determined indirectly via 
Terzaghi's consolidation theory (see Equation E6, Appendix E), using the 
appropriate values of my and cv (see Sections 10.3 and 10.4). Therefore, it is 
apparent that variations in both my and cv will control the overall effects 
observed with respect to k. Furthermore, certain limitations exist with this 
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method of k determination due to assumptions made in the theory which 
include: that no particle migration occurs, during consolidation the void ratio, 
my and k remain unchanged, uncertainties exist about the drainage boundary 
condition, and second and third dimensional effects are ignored (Mitchell 
1976). Unfortunately, these may not always be valid. However, it is expected 
that for the purposes of comparison at elevated temperatures these effects can be 
largely ignored, because they occur consistently throughout the data. 
The unfortunate consequence of this calculation method is that the errors 
associated with my and cv (see Sections 10.3 and 10.4, respectively) are 
multiplied for k determinations. These typically yield errors of between 10 and 
35%. However, due to the variations in these errors, discussed in Sections 
10.3 and 10.4, no proper quantification can be made. Overall though it is felt 
that a certain degree of consistency with these errors occurs throughout the data 
regardless of temperature. Thus for the comparisons made in this chapter, the 
significance of such errors is much reduced. This varies to a certain extent from 
clay to clay, with ECC typically exhibiting much larger errors due to difficulties 
in cv evaluation (see Section 10.4.4.2). By comparison with WB more 
consistency is found (see Figure E49), due to the relative insignificance of such 
errors (see Section 10.4.1). 
The data for Figures 10.9 to 10.16 were obtained using a similar technique as 
described in Section 10.4.1, except these relate to k. The ratios of the various k 
values have been plotted against temperature, overlain by a similar ratio of the 
fluid factor (see Equation E5, Appendix E), to produce Figures 10.9 to 10.16. 
As described in Section 10.4.1 this assessment is based on the Kozeny-Carmen 
equation. It may not be fully valid for determining absolute values of k (see 
Chapter 2, Section 2.6.4) but is deemed valid for examining relative changes 
(see Section 10.4.1). Any deviations between predicted and measured values, 
shown in Figures 10.9 to 10.16, occur due to combination of errors, changes to 
pore nature/interparticle contacts and specimen variability (see Section 10.4). 
The latter is indicated by the variability at 25°C (see Section 10.4.1). 
Overall from Figures E40 to E49 it can be clearly seen that as the void ratio 
reduces (or pressures increase) k reduces. This was consistent regardless of 
clay type or temperature (with the exception of Keuper Marl, see Section 
10.5.3.1), thus implying that the mechanisms controlling the permeability of 
clays are the same throughout, regardless of mineralogy, namely fluid 
properties and pore nature (at a given void ratio). 
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10.5.2 Undisturbed versus Reconstituted Samples : Test Set 1 
10.5.2.1 London Clay 
From Figures E41 and 10.9 there is a clear tendency for increased temperature 
to increase k, at a given void ratio. The large scatter can be ascribed to a 
combination of experimental errors (see Section 10.5.1) and specimen 
variability. Thus, overall it is concluded that changes to fluid properties, 
primarily viscosity, control the effects observed with temperature. The slight 
variation above the predicted line at 35 and 40°C is attributed to thermally 
generated changes to pore nature, consistent with discussion in Section 
10.4.3.1. 
The considerable influence of a sample's initial state and hence fabric can be 
clearly seen when comparing Figures E41 to E42. This shows that 
reconstituting London Clay markedly reduced k. The explanation offered for 
similar changes observed with cv is considered tenable here (see Section 
10.4.3.1). 
Similar to Figure E32 but to a lesser extent, a kink is observed in the curves 
presented in Figure E42. The same explanation offered in Section 10.4.3.1 is 
deemed also valid here. This again illustrates the influence of a change of stress 
state, in this case from a LOC to an NC clay and the associated change in fabric 
(see Chapter 2, Section 2.6.4). 
Overall from Figures E42 and 10.10 it is clear that an elevation in temperature 
increases k, at a given void ratio. The observations made with respect to higher 
stresses (i. e. at e=0.625) are consistent (but much more pronounced) with 
discussions presented in Section 10.4.3.1 for reconstituted London Clay. The 
significant deviations observed at 40 and 50°C in Figure 10.10(a) can be further 
attributed to changes in my recorded in Section 10.3.2.1. This indicates that at 
this void ratio (e = 0.775), when at 40 and 50°C the fabric is more open. 
Elevations to these temperatures allow a partial enhancement of the micropores, 
and hence k, greater than would have otherwise been predicted by fluid 
property changes. This enhanced fabric collapses at higher pressures and 
ceases to influence the behaviour observed, consistent with Figure 10.10(b). 
This supports the alternative explanation offered in Section 10.4.3.1 for a 
similar observation made with cv variations of reconstituted London Clay. 
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The larger and consistent deviation above the predicted curves is seen in Figure 
10.10(c). This was also observed with a similar curve for cv data, although to 
a lesser extent (see Figure 10.2(c)). This suggests that the explanation offered 
in Section 10.4.3.1 is tenable. This clarifies the tentative suggestion made in 
the literature that temperature effects on k reduce in significance with increased 
pressure (see Chapter 3, Section 3.5). This clearly depends on mineralogy (see 
Sections 10.5.3.1 and 10.5.3.3), how temperature alters the pore nature and the 
significance of these changes to the viscosity of particle contacts (see discussion 
Section 10.4.3.1). 
10.5.2.2 Oxford Clay 
Figure E43 shows a marked kink at the second data point, i. e. the second 
highest void ratio, in Figure E43 which corresponds to a pressure of 495 kPa. 
This effect is attributed to the influence of a change of stress state (HOC to 
LOC) that occurs as pressure is increased, and hence where a significant fabric 
collapse occurs. Once this has occurred (i. e. p' > 495 kPa) changes in k with 
void ratio are almost linear (see Figure E43). 
Overall from Figures E43 and 10.11 it can be seen that for an elevation of 
temperature, at a given void ratio, k increases. However, from Figure 10.11 it 
appears that the fluid factor predictions consistently underestimate the variation 
of k with temperature. This can be ascribed to two phenomena. Firstly, this is 
probably due to the effect of specimen variability, which exacerbates the errors 
with this indirect method of k determination used here (see Section 10.3.1). 
The values of k rely both on cv and mv, hence significant errors in these will 
affect k. However, it is unlikely that significant deviations between predicted 
and measured values occurred with k data only. It is logical to expect some sort 
of consistency with the corresponding cv data. 
Combined with this is a consistent reduction in eo (witnessed by the first void 
ratio values shown in Figure E43) that occurred for specimens tested at higher 
temperatures. This change was not due to a thermal loading (see Section 
10.2.2.2) but results from specimen to specimen variability, typical of 
undisturbed samples. This variability is further consistent with the order the 
specimens were taken and is due to the accumulated effects of stress relief, a 
slight drying and disturbance effects that necessarily occur each time a specimen 
is taken. This is to a certain extent illustrated by the scatter seen in Figure 
10.11. Hence, overall these effects combine to produce the consistent error 
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observed in Figure 10.11. These also disguise any changes that may have 
10.5.3 
occurred at 60°C (See Section 10.4.3.2). 
Examination of Figures E44 and 10.12 indicate that samples that are initially 
partially saturated, show very little change due to temperature. Thus partial 
saturation overshadows any thermal responses consistent with discussions 
presented in Section 10.4.3.2. Again these effects persist up to pressures of the 
order of 1 MPa. 
Reconstituted Samples: Test Set 2 
10.5.3.1 Keuper Marl 
Consistent with both London and Oxford Clay an elevation in temperature 
caused an increase in k at a given void ratio for Keuper Marl (see Figures E45, 
E46, E47,10.13 and 10.14). From Figures E45, E46 and E47 a significant 
initial increase in k occurs, even though the void ratio had reduced. k peaks at 
the second data point, corresponding to a pressure of 54 kPa, after which the 
normal downward trend is observed. This can be directly attributed to the 
'swell' effect discussed in Sections 10.2.3.1 and 10.3.3.1, where floc/ped 
units initially form, then are subsequently broken down under increased 
pressure. This is a temperature promoted phenomenon. The net effect is than 
initially a more open fabric forms, which then reduces at increased pressure 
with a tendency for the fabric to collapse more at higher temperatures. This, 
therefore explains the convergent behaviour seen in Figures E45, E46 and E47, 
as void ratios reduce. This suggests that predictions based solely on variations 
of fluid properties with temperature will underestimate the values at lower 
pressures (around 54 kPa) and overestimate the values at higher pressures 
(around 850 kPa). 
However, from Figures 10.13(a) and 10.14(a) it first appears that in fact the 
opposite has occurred. Closer examination shows that this can be attributed to 
the effect of my variations on the value of k at this void ratio (e = 0.6). At a 
void ratio of 0.6 (p' between 54 and 107 kPa) my is significantly lower at 
elevated temperatures (see Figures E23, E24 and E25). Hence this reduction 
masks the corresponding increase in cv observed in Section 10.4.4.1, 
producing the effect seen in Figures 10.13(a) and 10.14(a). It must be noted 
that the deviations at 30°C and 40°C are due to generic errors in the analysis 
(sec Section 10.4.4.1). Therefore, it is concluded that under low pressures 
300 
(around 50 kPa) k variations with temperature are controlled by changes to fluid 
properties coupled with a thermally generated more open fabric. 
At lower void ratios (see Figures 10.13(b) and 10.14(b)) where my is 
unchanged by temperature, the fluid factor (within experimental errors) 
accounts for the changes in k observed. However, at the lowest void ratio 
assessed (e = 0.44) there is a tendency for the measured curve to be below the 
predicted one. This is consistent with the ped units breaking down at elevated 
temperature and high pressures. This creates a more closed fabric and hence 
reduces temperature's effect on k (see Figures 10.13(c) and 10.14(c)). 
However, this deviation is much less marked than that observed with cv (see 
Figures 10.5(c) and 10.6(c)). This again can be ascribed to the masking 
influence of my on the k values used here. Support for this explanation can be 
clearly seen in Figure 10.14(c). 
Therefore, it is concluded that changes to the fluid properties at elevated 
temperature and higher pressure (= 900 kPa) tend to overpredict the variations 
in k. This tendency increases at higher pressures, witnessed by the convergent 
behaviour in Figures E45, E46 and E47. 
10.5.3.2 English China Clay 
The effect of temperature on k for English China Clay is illustrated in Figures 
E48 and 10.15, and is consistent with the general trend observed with other 
clays (see Section 10.5.2 and 10.5.3.1). The larger degree of scatter seen in 
Figure E48, from repeat tests is largely due to experimental errors in the 
determination of cv (see Section 10.4.4.3). Overall though, the values of k are 
typical of this material (see Mitchell 1976). The deviation observed in Figure 
10.15(a) at 40,50 and 60°C is attributed to the effect of my and stress 
variations encountered at this void ratio (e = 1.2) (see Section 10.5.3.1). The 
deviation below the predicted line noted at 70°C with the cv data (see Section 
10.4.4.2) was not apparent here (see Figure 10.15(a)). This is probably due to 
the effect of my on the k data as discussed above, or as a result of the more 
prominent experimental errors present at higher void also (see Sections 10.4.1 
and 10.4.4.2). 
Overall, within experimental errors, the variation of k with temperature is 
controlled by the corresponding changes to fluid properties, irrespective of the 
pressure applied. 
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10.5.3.3 Wyoming Bentonite 
Figures E49 and 10.16 illustrate that elevations in temperature increase k, as 
observed above in Sections 10.5.2 and 10.5.3. The data are repeatable, 
especially considering the nature of the test and the sources of error (see 
Chapter 8, Section 8.4 and Section 10.5.1). Furthermore, the values shown in 
Figure E49 are typical of this material (Buchanan 1964; Sridharan et al 1986). 
Figure 10.16 shows that the fluid factor dominates the effect of temperature on 
k. However, the convergent tendency exhibited by cv data (see Section 
10.4.4.3), and the deviation observed in Figure 10.8, suggests that at lower 
void ratios, the effect of temperature reduces. This is ascribed to the effect of 
my and possible calculation errors in producing the data for Figure 10.16(c). 
Nevertheless, deviations are clearly seen in Figure 10.16(c) even after the 
masking effects of my changes. This suggests that the explanations made in 
Section 10.4.4.3 are tenable, although it appears from Figures E49 and 
10.16(c) that such deviations are less pronounced than first suggested in 
Section 10.4.4.3. Either, a large enough pressure has not bee placed on the 
specimens to significantly alter responses much beyond those of fluid 
properties, or the errors with the analysis used disguise these deviations. 
However, it is felt that a combination of these explanations is correct. 
10.6 CONCLUSIONS 
From the preceding discussions the following conclusions are made. For 
convenience these have been divided into four sections, corresponding to the 
discussions above. 
10.6.1 Volume Change Characteristics 
10.6.1.1 Undisturbed versus Reconstituted samples 
The undisturbed samples of London and Oxford Clay used in this study were 
heavily overconsolidated (HOC). The preconsolidation pressures were large 
and no accurate value could be obtained because confirmation of the virgin 
compression line had not been reached at 2 MPa. 
For HOC London Clay anisotropically compressed, when heated from 25 to 
40°C at pressures equal to 124 kPa, no thermally induced volumetric strains 
occurred (see Figure E5). The anticipated thermo-elastic behaviour was too 
small to be recorded. Furthermore, the nature of anisotropic compression 
(where shear strains have to be induced) enhances resistance to volume change 
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and this reduces changes that can potentially occur. The same conclusion was 
reached for undisturbed Oxford Clay (p' = 124 kPa, heated from 25 to 60°C) 
(see Figure E6). Specimen to specimen variability overshadows any thermal 
effect, witnessed by the scatter observed in Figures E5 and E6. This explains 
why a variety of changes have been observed in the literature with undisturbed 
samples. 
For reconstituted London Clay prepared at relatively low moisture contents (= 
36%) lightly overconsolidated behaviour was observed. At a pressure of 124 
kPa, no thermal strains occurred when specimens were heated from 25 to 50°C. 
This was consistent with its overconsolidated state. However, once elevated 
temperatures had stabilised a downward shift in the compression line (shown in 
Figure E7) was observed (see Section 10.6.2 for more details). 
For specimens that were initially partially saturated (= 70 to 80%) no changes 
were observed. This partial saturation overshadows any thermal events that 
may have otherwise occurred (see Figure E8). 
10.6.1.2 Reconstituted Samples 
With normally consolidated Keuper Marl, an increase in temperature from 25 to 
70°C at a pressure of 27 kPa induced no thermal strains. However, once steady 
state temperatures had been reached, the change in void ratio under a pressure 
of 54 kPa was markedly reduced at elevated temperatures. This was attributed 
to thermally induced flocculation and formation of ped units, consistent with the 
conclusions reached in Chapter 9, Section 9.6. At pressures above 54 kPa and 
at temperatures greater than and equal to 40°C, a downward shift in the 
compression line occurred, due to partial ped breakdown. At 30°C, this did not 
occur because insufficient thermal energy was present to promote ped 
breakdown (see Figures E9 to El 1). Thus, changes to particle size and 
structure explains why with some clays a shift in the compression line at 
elevated temperatures has been observed in the literature. 
With normally consolidated English China Clay (a well crystallised kaolinite), 
an increase in temperature from 25 to 70°C at 13 kPa caused a volume 
contraction. This increased with a greater thermal input. However, significant 
changes were only observed for temperature increases to 50°C and above (see 
Figures E12 and E13). This is ascribed to the enhanced resistance to 
compression exhibited in anisotropic tests. 
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When at an overconsolidation ratio of 8, no thermal loading was observed (p= 
62 kPa). However, when unloaded at 1 MPa at an elevated temperature of 
40°C the swelling was enhanced (see Figure E15). This was attributed to 
thermally generated changes to osmotic pressures. This occurs when kaolinite 
particles are in parallel alignment and applied anisotropic stresses are reduced. 
Therefore, normally consolidated well crystallised kaolinites are thermo- 
mechanically dominated. However, under the correct circumstances of 
reducing pressures and parallel particle alignment a slight thermo-physico- 
chemical effect is observed. This explains similar observations made in the 
literature (see Chapter 3, Section 3.6). 
The thermal responses of Wyoming Bentonite (a mono-valent smectite) are 
markedly different from those of a well crystallised kaolinite. For normally 
consolidated Wyoming Bentonite at 32 kPa heated from 25 to 60°C, no thermal 
strains were observed. This is attributed to the counteracting effects of thermal 
loading and temperature induced osmotic forces. Therefore for mono-valent 
smectite thermal events are thermo-physico-chemically dominated. Overall 
apparatus disturbance is more significant than the net changes due to 
temperature elevations. 
10.6.1.3 Paraffin Tests 
Paraffin, a non-polar fluid, had a very pronounced effect on the behaviour of 
English China Clay and Wyoming Bentonite. 
With English China Clay, the Liquid Limit increased from 59% to 74% as a 
result of using paraffin as the pore fluid, although the material was non-plastic. 
This was ascribed to paraffin preventing the self-flocculation of kaolinite, which 
it normally exhibits in water. This was further observed by the doubling of the 
compression index, seen when paraffin replaced water as the pore fluid. 
By comparison, for Wyoming Bentonite paraffin reduced the Liquid Limit by 
an order of magnitude, though as with English China Clay the material was 
non-plastic. This was attributed to paraffin allowing undisturbed interlayer 
bonding between mineral units within Wyoming Bentonite, thus increasing 
significantly the particles' size. 
For both of these clays mixed with paraffin, no thermal volume changes were 
observed for an increase of temperature from 25 to 40 °C, at a pressure of 27 
kPa. Furthermore, the compressibility was not altered by elevated 
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temperatures. This was due to the mechanical dominance of volume change 
behaviour for clays mixed with non-polar liquids. 
10.6.2 Compressibility 
10.6.2.1 Undisturbed versus Reconstituted Samples 
With undisturbed London and Oxford Clay, specimen to specimen variations 
have a much more significant effect on compressibility than do elevated 
temperatures (for temperatures up to 40°C for London Clay and 60°C for 
Oxford Clay) (see Figures E19 and 21). This explains why, in the literature, 
the compressibility of undisturbed samples appeared to alter with temperature 
over a wide range of applied stresses. 
Reconstituting London Clay significantly increases the material's sensitivity to 
temperature changes. At elevated temperatures (up to 50°C) reconstituted 
London Clay exhibited temperature dependent compressibility (as measured by 
the coefficient of volume compressibility mv) up to applied pressures of around 
250 kPa (see Figure E20 and Table 10.1). 
For specimens that were initially partially saturated, no temperature effects were 
observed. For reconstituted Oxford Clay at pressures above 250 kPa, the 
compressibility is independent of temperature (see Table 10.1). 
10.6.2.2 Reconstituted Samples 
Temperature changes affect the compressibility of Keuper Marl in a complex 
fashion, depending on the stress applied. At 54 kPa elevated temperatures (up 
to 70°C) reduce the compressibility; however, at 107 kPa the reverse occurs 
(see Figures E24 and E25). This is consistent with ped formation followed by 
a partial collapse of these peds observed above (see Section 10.6.1.2). 
Differences between samples were, however, observed at a pressure of about 
200 kPa and above. For mix A (see Figure E24) above a pressure of 200 kPa, 
compressibility was independent of temperature. In comparison, for mix B, 
temperature dependent compressibility was observed up to pressures of the 
order of 850 kPa (see Figure E25). This was also shown by the variation of the 
compression index (CC) observed with mixed B (i. e. the Cc at 25°C was 0.15, 
compared to a Cc at 70°C of 0.17 (see Table 10.1). These changes are 
attributed to a slight difference in the ped units formed within each sample. 
This was indicated by mix B's higher Liquid Limit value of 33% compared to 
0171 for mix A. 
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For English China Clay, at pressures up to 60 kPa, elevated temperatures 
enhance compressibility (see Figure E26). However, a sufficient thermal 
energy input is required (50°C and above) before changes are discernible. This 
was attributed to a reduction in physico-chemical forces at elevated 
temperatures. The stress at which temperatures cease to affect compressibility 
is controlled by the contact stresses at which physico-chemical forces no longer 
have any significant effect. This is considered to occur at a similar contact 
stress for all clays. The applied pressures needed to reach this contact stress, 
however, vary negatively with particle size and hence positively with specific 
surface area. For relatively large particles typically associated with a well 
crystallised kaolinite which have a small specific surface areas, the applied 
pressure needed to reach this contact stress is approximately 60 kPa. For 
reconstituted London Clay whose particles are smaller (hence the specific 
surface is larger, see Table 4.2) the pressure required to reach this point is 
around 250 kPa. For the smallest particle clay tested, i. e. Wyoming Bentonite 
(sodium smectite) this point is reached at applied pressures of about 480 kPa 
(see Figure E27). Not only does this explain why a variety of volume changes 
due to temperature have been observed in the literature, but further elucidates 
similar observations made in the literature (i. e. for illite this point is reached at 
around 200 kPa). This confirms that this effect is a direct function of 
mineralogy. Hence, the stress at which compressibility ceases to be 
temperature dependent is positively related to the specific surface area of a clay. 
Temperature affects compressibility up to applied stresses where physico- 
chemical forces cease to be dominant, i. e. the thermo-physico-chemical effect. 
For English China Clay there exists a second transition zone where 
temperatures have a slight effect on compressibility (i. e. between 60 and 150 
kPa). Beyond this lies the third zone where compressibility is completely 
independent of temperature. 
For Wyoming Bentonite at stresses between 32 and 62 kPa, elevated 
temperatures (up to 60°C) reduce the compressibility (see Figure E29). This is 
due to long-term swelling, which results from thermally induced osmotic 
forces. However, for pressures between 124 kPa and 480 kPa the reverse 
occurs. Overall the coefficient of volume compressibility is more sensitive than 
the compression index to thermal effects, and so should always be used when 
assessing the effect of temperature on the compressibility of clays. 
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10.6.3 Consolidation 
The coefficient of consolidation, cv, can increase or decrease with rising 
pressure depending upon the clay tested. This is dependent upon the clay's 
nature and the relative contribution of compressibility and permeability to 
consolidation rates. For clays of a high Plasticity Index and/or depending on 
whether they are initially overconsolidated (e. g. Wyoming Bentonite and 
London Clay), increases in pressure reduce the coefficient of consolidation (see 
Figure E30,31,32 and 39). This occurs because a relatively high 
compressibility exists up to reasonably high stresses (= 100 kPa) and may even 
increase before it reduces, with rising pressure. Here, the fabric collapse 
associated with maintaining a high compressibility significantly reduces the 
permeability, and thus overall the rate of consolidation. By contrast, for clays 
that are normally consolidated and have low plasticity indices (e. g. Keuper Marl 
and English China Clay), increases in pressure elevate the coefficient of 
consolidation (see E35,36,37 and 38). This results from the initial rapid 
decrease in compressibility that occurs, such that the integrity of the remaining 
pores is relatively well maintained. The decrease in compressibility is greater 
than the corresponding reduction in permeability, hence overall the 
consolidation rate increases with pressure. 
Elevations in temperature consistently increase the coefficient of consolidation 
regardless of a clay's mineralogy or stress state. However, partial saturation 
completely overshadows any thermal effects on consideration (see Figure 
10.4). Similarly, reconstituting London Clay has a far greater effect on 
consolidation rates than temperature, reducing the rate by about 3 to 8 times (see 
Figures E31 and E32). Reconstituting effects, however, reduce in significance 
as pressures are increased. Generally, temperature induced changes to the 
coefficient of consolidation can be reasonably predicted solely by the 
corresponding changes to the dynamic viscosity of water. However, deviations 
will occur at higher temperatures and higher pressures, which depend upon the 
clay's mineralogy. 
For undisturbed samples, specimen to specimen variability has a greater effect 
on consolidation rates than does temperature. Thus, applying viscosity based 
prediction to insitu behaviour could be considerably erroneous. Deviation from 
viscosity based prediction consistently occurs at 35°C and above for 
undisturbed London Clay (see Figure 10.1). This was attributed to thermally 
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induced changes to pore nature coupled with a reduced viscosity of particle 
contacts, which is only significant at higher temperatures. 
Viscosity based prediction underestimates changes in consolidation rates with 
temperature for reconstituted London Clay at pressures greater than 1 MPa (see 
Figure 10.2). This is attributed to the greater significance of absorbed water 
changes, reduced viscosities of particle contacts, and pore size and distribution 
enhancements. 
For Keuper Marl similar deviations occur at pressures in excess of 850 kPa due 
to the breakdown of ped units, which results in a more closed fabric. This 
effect increases at elevated temperatures (see Figures 10.5 and 10.6). 
For English China Clay a slight deviation from the predicted behaviour is 
observed at 60 and 70°C and is attributed to a partial fabric collapse at these 
temperatures (see Figure 10.7). However, due to the speed of consolidation the 
greatest errors in the determination of the coefficient of consolidation occur with 
this clay. Thus the oedometer may not be best suited to measure the 
consolidation behaviour of English China Clay. 
For Wyoming Bentonite deviations from predicted behaviour occur at pressures 
greater than 500 kPa, due to the increasing influence of quasi-crystalline water 
(see Figure 10.8). 
Overall the correction factors presented in BSI 1990 (see Table 8.3) give 
reasonable predictions of changes to the coefficient of consolidation with 
temperature. However, deviations will occur when these are used to predict 
changes at higher temperatures and pressures, this varying with clay 
mineralogy. This helps to explain why similar correction factors presented in 
the literature have met with only a limited degree of success. The data presented 
here confirm the suggestions made in the literature that increased pressure 
reduces the dominance of viscosity based changes to the coefficient of 
consolidation with temperature. This work further elucidated this effect 
particularly for natural deposits where aggregated units commonly exist. 
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10.6.4 Permeability 
Overall a consistent reduction in permeability occurs with increasing pressure 
regardless of clay tested, except for Keuper Marl under elevated temperatures 
and low pressures (less than 54 kPa). This results from thermally generated 
fabric changes as flocs/peds form, even though pressure is increasing. 
Generally, an elevated temperature increases the coefficient of permeability, at a 
given void ratio. Predictions of temperature effects on the coefficient of 
permeability based on the corresponding change to fluid properties (namely 
dynamic viscosity and unit weight) are generally reasonable. Deviations occur 
at high temperature and pressure consistent with those witnessed with 
consolidation data (see Section 10.6.3). However, due to the indirect method 
of determining the coefficient of permeability relatively large errors occur, 
which slightly mask the observations made. These include both experimental 
and analytical errors, which result from the double handling of data and 
graphical techniques used in this analysis. Other deviations from fluid based 
predictions occur due to reconstituting the sample (see Figures E41 and E42). 
Furthermore, specimen to specimen variability will dominate any temperature 
effect as observed with undisturbed Oxford Clay and to a lesser extent with 
undisturbed London Clay. This also occurs with specimens that are initially 
only partially saturated (= 70 to 80%) (see Figure 10.12). Deviations from 
predicted behaviour were further observed at lower pressures, with 
reconstituted London Clay (for pressures less than 495 kPa and higher 
temperatures, 40 and 50°C) and with Keuper Marl (for pressures less than 54 
kPa). Here fluid property based predictions underestimate temperature effect on 
the coefficient of permeability due to thermally enhanced pore 
sizes/distributions. 
Therefore, overall temperature effects on the coefficient of permeability are 
dominated by the corresponding changes to fluid properties, with changes also 
occurring due to alteration to the pore nature. This largely accounts for the 
deviations from fluid based predictions observed. The latter changes are 
controlled by mineralogy, which is particularly important where permeability 
behaviour of clay under a range of stresses and temperatures needs to be 
known, e. g. a landfill liner. This study helps to elucidate the effect of 
temperature on permeability and confirms the suggestion that increased pressure 
tends to reduce the dominance of fluid properties on thermal events. This is 
particularly apparent with Keuper Marl and Wyoming Bentonite, but due to 
totally different reasons (see above). 
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10.6.5 General Comments 
Overall temperature effects on the compression behaviour of clays is controlled 
by their mineralogy, geology and compositional properties (e. g. specific surface 
area). However, reconstituting the sample, naturally occurring sample 
variability and initial partial saturation of a specimen have a much more 
significant effect than temperature. With consolidation and permeability, 
temperature effects are dominated by the subsequent changes to the properties 
of the pore fluid particularly dynamic viscosity. However, deviations from 
predictions based on these changes are observed (generally at higher pressures 
and temperatures) which relate directly to mineralogy and compositional 
properties. 
The thermal response of the volume change behaviour of a well crystallised 
kaolinite is very different from that of a mono-valent (sodium dominated) 
smectite, with illitic material somewhere in between these two extremes. For 
well crystallised kaolinite temperature effects are thermo-mechanically 
dominated (e. g. changes to pore pressure, thermal loading) except either when 
under very low applied anisotropic pressures (< 60 kPa), or when anisotropic 
pressures are reducing and particles are in a parallel alignment. Then a slight 
thermo-physicochemical effect (e. g. enhanced osmotic pressures, promotion of 
flocculation, fabric rearrangement) will occur. 
In comparison, for mono-valent smectites the thermal response of volume 
change behaviour is almost entirely thermo-physicochemically controlled for 
applied anisotropic pressures of up to 480 kPa. These differences in thermal 
behaviour between these two extreme clay minerals are completely removed by 
replacing the pore fluid with non-polar paraffin. This is due to the mechanical 
nature of volume changes with this fluid. However, due to intrinsic 
mineralogical differences (see Chapter 2, Section 2.3) the responses of these 
clays to the addition of paraffin were completely different. Evidence presented 
herein suggests that with a well crystallised kaolinite particle sizes increase, 
whereas for a mono-valent smectite the reverse occurs. 
For Keuper Marl temperature effects on volume change behaviour are thermo- 
physicochemically dominant, even though it typically exhibits low Plasticity 
Indices, etc. This is directly related to its high physico-chemical activity which 
flocculates particles, thereby keeping the index parameters low but allowing 
thermo-physicochemical behaviour to occur. London Clay has thermal 
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behaviour which lies between Keuper Marl and well crystallised kaolinites, with 
Oxford Clay below this. Furthermore, reconstituting London Clay increases its 
sensitivity to thermal events. 
This was all highlighted by the various pressures at which compressibility 
ceased to be temperature dependent. The value of this pressure increases as size 
reduces or specific surface area increases. Therefore as Plasticity Index, cation 
exchange capacity and specific surface area increases so the value of pressure 
increases. For well crystallised kaolinite this phenomenon occurs at 60 kPa 
compared to 480 kPa for sodium smectite. 
Overall, this shows the importance of adequate compositional data, especially 
those concerning mineralogy, being obtained. This coupled with knowledge of 
stress and temperature histories are required if thermal events are to be 
understood and predicted with any confidence. 
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Table 10.1 Compression Index of Clays tested at 
various temperatures 
Clay Initial State Temperature Compression Pressure 
°C Index Range 
London Clay Undisturbed 25 to 40 Did not reach - 
NCL 
Oxford Clay Undisturbed 25 to 60 Did not reach - NCL 
London Clay Reconstituted 25 0.29 
25 0.30 
30 0.30 
30 0.31 
30 0.33 
40 0.30 > 248 kPa 
40 0.30 for all 
50 0.31 temperatures 
50 0.31 
50 0.31 
Oxford Clay Reconstituted 25 0.25 > 248 
25 0.25 > 248 
25 0.25 > 124 
40 0.25 > 248 
40 0.25 > 495 
50 0.25 > 124 
50 0.25 > 124 
50 0.25 > 186 
Keuper Marl Reconstituted 25 0.13 
Mix A 25 0.14 
(LL = 30 30 0.13 
PL = 19) 30 0.15 > 107 kPa 
40 0.14 for all 
40 0.14 temperatures 
50 0.14 
60 0.14 
60 0.14 
Keuper Marl Reconstituted 25 0.15 
Mix B 25 0.15 
(LL = 33 70 0.18 > 107 kPa 
PL = 20) 70 0.17 for all 
temperatures 
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Table 10.1 (Continued) Compression Index of Clays tested at 
various temperatures 
ýý. 
Clay Initial State Temperature Compression Pressure 
°C Index Ran e 
ab 
English China Reconstituted 25 0.29 0.32 
Clay 25 0.28 0.31 
30 0.32 No kink 
30 0.31 0.32 
40 0.31 0.33 
40 0.27 0.30 
50 0.28 0.30 
50 0.28 0.30 
60 0.30 No kink 
60 0.30 0.31 
70 0.30 0.34 
70 0.31 No kink 
Wyoming Reconstituted 25 6.1 Between 32 
Bentonite 25 6.4 and 248 kPa 
40 6.6 
40 6.5 
60 6.6 
60 6.6 
Wyoming Reconstituted 25 and 40 Did not reach - 
Bentonite NCL 
+ paraffin 
English China Reconstituted 25 0.61 > 27 kPa 
Clay 40 0.58 > 27 kPa 
+ paraffin 
Note: 
NCL - normal consolidation line 
a. for normal effective pressure < 124 kPa 
b. for normal effective pressure > 124 kPa 
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CHAPTER 11 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
11.1 OVERALL CONCLUSIONS 
This work clearly shows the importance of acquiring adequate compositional data, 
especially mineralogy. This, coupled with knowledge of thermal and stress histories, 
is required if thermal events are to be understood and predictions made with any degree 
of confidence. In the past some of these factors, usually mineralogy, have been 
ignored and thus as a result the conclusions drawn are somewhat premature. This 
explains why a variety of observations and conclusions with respect to temperature, 
some of which are contradictory, have be made in the literature. 
In this thesis details of substantial modifications to existing test methods are presented 
(see discussions Chapters 5 through to 8). This has enabled the engineering behaviour 
of a variety of clay soils to be examined over a relatively large temperature range (i. e. 
10 to 80 °C). The facility now exists at Loughborough University to investigate this 
phenomenon further. 
From this study (limited to saturated clays) it is concluded that the effect of temperature 
on the engineering behaviour of a well crystallised kaolinite (e. g. English China Clay) 
differs markedly from that of a mono-valent smectite. Furthermore, these materials 
when compared with a number of real soils show the extremes of temperature 
behaviour, confirming the hypothesis made in Chapter 3 (see Section 3.12). This 
validates the use of artificial (i. e. refined) materials as a research tool in this instance. 
From observations made on these two materials, two types of extreme thermal response 
exist, namely: 'thermo-mechanical' and 'thermo-physicochemical' behaviour. Thermo- 
mechanical behaviour results from temperature induced changes to macroscopic forces, 
e. g. changes to pore water pressure and thermal load/unload effects. Overall, clays 
whose thermal responses are determined by thermo-mechanical behaviour are least 
sensitive to temperature changes, e. g. English China Clay. By comparison, thermo- 
physicochemical behaviour occurs due to changes to microscopic forces with 
temperature. These include changes to osmotic pressures, alterations to adsorbed water 
and long range bonds, and flocculation/fabric rearrangement effects. Clays in which 
these effects predominate, e. g. Wyoming Bentonite, are most sensitive to changes in 
temperature. 
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However, sensitivity to temperature (as measured in the oedometer) is strongly 
dependent upon the polarity of the pore fluid. When the pore fluid is changed to non- 
polar paraffin for example, no thermal effects are observed. This is consistent with the 
non-plastic behaviour these clays exhibit with paraffin. Here, mechanical effects 
completely dominate the engineering behaviour of the material with no physico- 
chemical effects occurring However, the overall effects of introducing a non-polar 
fluid varies from clay to clay due to intrinsic mineralogical differences and the changes 
to the particle size that results. 
From examination of the compositional data of Wyoming Bentonite and English China 
Clay, together with the relative temperature sensitivities of their different parameters, it 
is clear that the above conclusion is related to specific surface area, cation exchange 
capacity, Liquid Limit and other compositional data. A similar study of the natural 
clays tested showed that this trend was almost consistent throughout, with the only 
exception being Keuper Marl. This was manifested by the Liquid Limit and 
compressibility data and to certain extent the vane shear, residual shear and permeability 
characteristics of this material with temperature. The apparent anomaly with Keuper 
Marl can be elucidated with reference to its unusual particle nature (see below). 
Further evidence of this positive relationship between temperature sensitivity of 
different parameters and compositional data (particularly specific surface area) was 
provided by the Liquid Limit tests conducted on Wyoming Bentonite, English China 
Clay mixed samples. From these it was seen that as the percentage of Wyoming 
Bentonite rises so the sensitivity of the Liquid Limit to temperature increases, consistent 
with an elevation of the specific surface area, cation exchange capacity, etc. (cf. Table 
4.2). 
Qualitative assessment of temperature sensitivity can effectively be made using the 24 
hour Liquid Limit method (LUT method) proposed in this thesis. This method can 
examine sensitivity of the Liquid Limit over a relatively large range of temperatures 
both, quickly and cheaply. In addition the test is repeatable, not requiring any 
calibration for temperature. A temperature range of between 10 and 80 °C has been 
successfully used, the range being much greater than that possible with the normal BSI 
or ASTM methods used in the literature. Furthermore, the LUT method proposed here 
does not require the equipment or even the operator to be placed at the test temperature. 
From the data produced by this simple test, temperature sensitivity (as measured by the 
change in the Liquid Limit with temperature) is empirically related to the specific 
surface area (see Figure 11.1). This clearly shows the positive relationship between the 
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two parameters. This is based on the association between Liquid Limit and specific 
surface area observed by Farmer and Coleman (1967). Due to the difficulties with 
specific surface area measurements for clays with significant internal surface areas, e. g. 
Wyoming Bentonite (see Chapter 4, Section 4.3.5), these data had to be indirectly 
evaluated. This was achieved either by reference to typical values quoted in the 
literature (see Table 4.1) or determined from the equation advanced by Farmer and 
Coleman (1967). However, although these values are not absolutely exact, they do 
serve as a very reasonable estimate of the true values and are therefore, valid for such a 
qualitative assessment as this. A similar relationship can be seen between temperature 
and other compositional parameters (e. g. cation exchange capacity). However, it is felt 
that specific surface area is of greater importance, consistent with discussions made in 
Chapter 2. 
Temperature sensitivity of different parameters and its relationship to compositional 
data (particularly specific surface area) was further witnessed by changes to anisotropic 
compressibility characteristics (measured in the oedometer) and to a lesser extent vane 
shear, residual shear and permeability data with temperature (see Chapters 9 and 10 ). 
From the compression data there is clearly a consolidation pressure at which 
temperature (thermo-physicochemical) ceases to have any effect on the behaviour of the 
clay. Thermo-mechanical effects will alter the apparent stress state, producing the 
'quasi-overconsolidation' observed in the literature, i. e. a thermal load/unload effect. 
By contrast, thermo-physicochemical changes will alter the nature of the 
compressibility without changing the apparent stress state. This varies from clay to 
clay and is related to mineralogy, and in turn positively to the specific surface area. It is 
hypothesised that this occurs at a critical contact stress, common to all clays (within 
slight mineralogical differences). This is because clays essentially have the same 
surface structures, with the force of interaction between these surfaces and adsorbed 
water (in the contact areas) being approximately the same. However, the anisotropic 
consolidation pressure that has to be applied to reach this critical contact stress varies 
from clay to clay, with a greater consolidation pressure needed as the specific surface 
area increases. For a well crystallised kaolinite the critical stress is reached at a 
consolidation pressure of 60 kPa, for London Clay this point is reached at 250 kPa, 
while with a mono-valent smectite this occurs at 480 kPa. This ties in well with the 
only other observation made in the literature with illite (i. e. at 200 kPa). 
Therefore, for a well crystallised kaolinite, given the right consolidation pressure 
conditions (i. e. <60 kPa), thermo-physicochemical effects start to be significant. This 
was further observed in the oedometer when this clay's particle alignment was 
approximately parallel and consolidation pressures were reduced. Thus, the 
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temperature sensitivity of the compressibility of clays can be modified by certain 
applied consolidation pressures and particle rearrangement. Further modifications can 
occur if the sample tested is undisturbed, although for these samples, specimen to 
specimen variability is far more critical. This explains why previous data presented in 
the literature have indicated that significant changes occur with undisturbed samples. 
Closer examination of these and similar data presented in this thesis confirm this 
explanation. This was also true for partially saturated samples, which exhibited 
reductions in this temperature sensitivity. However, samples of London Clay clearly 
showed that reconstituting a sample significantly increased its sensitivity to temperature 
(as measured in the oedometer), changing it from a thermo-mechanically to a thermo- 
physicochemically dominated clay. 
From the data presented in this thesis coupled with the relationship shown in Figure 
11.1, the qualitative guide to behaviour shown in Figure 11.2 was produced. The 
qualifying arrows at the side of Figure 11.2 allow the modifying effects of increased 
pressure and greater particle alignment to be shown, with the latter being less 
significant than the former. The areas AA' and BB' for well crystallised kaolinites and 
mono-valent smectites respectively, show the modification effects to temperature 
sensitivity (as measured in the oedometer) shown in this thesis. Area CC' represents 
London Clay and illustrates the effect of reconstituting the sample. Overall, an increase 
in the specific surface area raises the sensitivity of different parameters of a soil to 
temperature changes. The only exception was the anomalous Keuper Marl, which 
although typically has low values of specific surface area and other compositional 
properties, it exhibited the greatest temperature sensitivity (of different parameters) of 
all the natural clays tested. However, closer examination of Keuper Marl's 
composition allows explanation of this apparent anomaly. This effect is directly 
attributed to the high physico-chemical activity associated with aggregation of the 
particles into ped units, which in turn causes the reduction in the compositional 
parameters observed. However, even though these have reduced, the susceptibility to 
temperature change within the peds remains and so thermo-physicochemical outcomes 
dominate the effect of temperature on the engineering behaviour of Keuper Marl. This 
effect is shown in Figure 11.2 by the shift of area D to D'. 
Overall for the normal range of temperatures encountered in soil testing laboratories 
(extremes of typically 10 to 30 °C) most clay soils are unaffected by temperature. 
Exceptions are clays with more than 25 % of smectite and to a lesser extent Keuper 
Marl. All clays exhibit a thermal memory, but in varying ways. With a well 
crystallised kaolinite where thermo-mechanical effects predominate, thermal 
loading/unloading is seen. However, a thermo-physicochemically active clay soil like 
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Keuper Marl exhibits alterations to the aggregated ped unit/fabric rearrangement. These 
thermally induced peds partially collapse under the action of increased anisotropic 
consolidation pressure, which is enhanced at elevated temperatures. Regain of these 
peds is possible once the pressure is removed or the consolidation pressure is low 
(around 50 kPa), if temperatures are increased again. This effect reduces in 
significance as the moisture content decreases, eventually ceasing to occur at moisture 
contents around the Plastic Limit. 
The coefficients of consolidation and permeability are increased at elevated 
temperatures, this being dominated by thermally induced changes to the coefficient of 
dynamic viscosity. However, specimen to specimen variability, partial saturation, 
reconstituting the sample and changing of the pore fluid to a non-polar fluid have a far 
greater effect than temperature. Deviations from viscosity based predictions of 
temperature effects tend to occur with thermo-physicochemically dominated clays. For 
Wyoming Bentonite when under relatively high applied pressures (> 480 kPa), 
viscosity based predictions overestimate the true variation of consolidation and 
permeability rates with temperature. This is attributed to the increased influence of 
'quasi-crystalline' water. In the case of Keuper Marl, deviations relate to the effect of 
ped formation. At low applied pressure (i. e. around 50 kPa) viscosity based 
predictions underestimate changes to these rates with temperature, and overestimate 
these variations at higher applied normal stresses (i. e. around 850 kPa) due to ped 
collapse. Overall these deviations are related to thermally induced alteration to the 
fabric and pore nature. This has important implications for landfill liners, where both 
these materials are commonly used in their construction. 
Overall, Figure 11.2 can be used to make qualitative predictions of the effect of 
temperature on the engineering behaviour of a clay. A line has been drawn on this 
figure so making the division between thermo-physicochemically and thermo- 
mechanically dominated clays. From this the following qualitative guidelines can be 
made about the effect of temperature on the engineering behaviour of clays: 
(1) Clays with greater specific surface areas have increased sensitivity of 
different parameters to temperature changes. 
(2) Increases in consolidation pressures in the oedometer reduce the 
temperature sensitivity of a clay. 
(3) At the critical contact stress, temperature ceases to affect the 
compressibility of clay (measured in the oedometer), changing from a thermo- 
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physicochemical to a thermo-mechanical dominated thermal event. The consolidation 
pressures at which this occurs vary positively with specific surface area. For a well 
crystallised kaolinite this occurs at 60 kPa, for London Clay the critical contact stress is 
obtained at 250 kPa and for a sodium dominated smectite this condition is reached at 
480 kPa. 
(4) In the oedometer as particle alignment becomes more parallel in 
arrangement so the sensitivity to temperature increases, but is less significant than 
pressure induced changes. 
(5) Reconstituting a natural clay increases its sensitivity to temperature 
changes (when tested in the oedometer). However, with undisturbed, partially 
saturated samples, specimen to specimen variability is far more critical than 
temperature. This is also true when the pore fluid is changed to a non-polar liquid. 
(6) Clays whose particles are formed by aggregated clay units (e. g. Keuper 
Marl) have parameters that are more sensitive to temperature changes than is predicted 
by reference to compositional data (e. g. specific surface area) alone. 
(7) Clays that are predominantly composed of smectite are most sensitive to 
temperature changes, this being a thermo-physicochemically dominated phenomenon. 
(8) Clays that are predominantly composed of kaolinite are least sensitive to 
temperature changes, this being a thermo-mechanically dominated phenomenon. 
(9) Temperature effects on the coefficients of consolidation and permeability 
can be reasonably well predicted from the corresponding change to dynamic viscosity. 
However, deviations from such a prediction do occur due to thermally induced changes 
to clay fabric and pore nature. 
(10) The temperature sensitivity of clays can be qualitatively assessed by the 
LUT method (i. e. the Liquid Limit after curing for 24 hours) proposed in the thesis. 
11.2 SUGGESTIONS FOR FURTHER WORK 
The following areas are suggestions for further work, aiming at either improving 
current experimental techniques or to further develop the current understanding of soil 
fundamentals. 
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1. An examination of the effects of reduction in temperature to between 5 and 
200C, both under transient and steady state conditions. Oedometer tests could 
be conducted using a similar technique described in Chapter 8, except that a 
refrigeration unit would be placed in the supply bath for fluid pumped to the test 
cell. Specimens of different kaolinitic and smectitic contents mixed with 
different pore fluids could be used with both polar and non-polar pore fluids. 
This would enable comparison over a wide range of expected extremes to be 
examined. Furthermore, investigation into the critical contact stress hypothesis 
is required to further elucidate the observations made in this thesis. 
To determine the permeabilities of kaolinites containing non-polar pore fluids a 
falling head permeameter could possibly be used, modification enabling normal 
effective stresses and temperatures to be controlled. Examination of particle 
size distribution of the clay samples mixed with both fluid types would be 
required, to examine if size changes do in fact occur as postulated as a result of 
this study. Examination of the Atterberg Limits should also be conducted. 
2. A further examination of the difference between the Bromhead and modified 
Bromhead ring shear devices could beneficially be undertaken, together with 
reversible shear box tests on a wide range of clay samples over a range of 
normal effective stress. Samples should include natural, single mineral and mix 
samples reconstituted with a variety of different pore fluids of varying 
compositions. This would enable contact behaviour and the significance of 
physico-chemical effects to be properly examined, together with further 
evaluation of experimental techniques. Reference to contact stresses in bearing 
may also prove fruitful. A non-polar fluid should also be used, although 
adequate safety measures will be required with, for example, organic solvents. 
Further to this the effect of temperature on the residual behaviour of clay could 
be examined using the reversible shear box, temperature being controlled in a 
similar fashion as described in Chapter 8. A range of different temperatures 
between 5 and 700C may well be possible, making sure that adequate 
calibrations have been previously carried out. Again a wide range of clay 
minerals should be tested, since this would further improve knowledge on both 
residual and contact behaviour. 
3. An examination of the effects of temperature on single mineral specimens (e. g. 
kaolinite and smectite) mixed with different organic sulphate and carbonate 
contents. This could be achieved with a wide variety of tests including 
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oedometer and Liquid Limit tests, both described within this thesis. This would 
clarify how these substances affect the thermal responses of natural materials. 
A variety of different stress and thermal histories should also be examined using 
the consolidation cells described in Chapter 6. Particular reference to specific 
surface area should be made. From this a more quantitative analysis of the 
relationship between surface area and temperature effect could be made. 
It is clear, however, that many different investigations could be conducted with 
the aim of improving current knowledge of fundamental soil behaviour. The 
possible combinations are endless, although it is of paramount importance that 
adequate compositional analysis and sample control are ensured throughout. 
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FIG B24 Tc=40, vane3 
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FIG B25 Tc=55, vanel 
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Table B1 : t-test analysis of vane shear data - English China Clay 
T, Tt Vane Degrees 
of 
t-value for 
99.9% 
t- value 
from data 
Are the data 
significant in 
freedom a linear form? 
25 10 1 6 5.959 6.08 yes 
7.45 
25 25 1 5 6.869 9.7 yes 
13.17 
25 30 1 6 5.959 10.53 yes 
14.30 
2 40 1 5 6.869 9.54 yes 
12.22 
2 50 1 18.04 yes 
24.10 
25 5 60 1 5 6.869 7.266 yes 
9.42 
25 10 2 6 5.959 7.70 yes 
9.17 
25 25 2 5 6.869 9.38 yes 
13.696 
25 
1 
30 2 5 6.869 11.12 yes 
15.01 
25 40 2 6 5.959 7.74 yes 
10.20 
25 50 2 5 6.869 8.14 yes 1 
10.78 
25 60 2 5 6.869 533 yesc 1 
7.166 
25 10 3 6 5.959 9.85 yes 
11.18 
25 25 3 4 8.610 7.66 yesc 
9.92 
25 30 3 6 5.959 13.77 yes 
16.52 
25 40 3 5 6.869 8.07 yes 1 
10.14 
25 50 3 5 6.869 16.53 yes 
21.07 
25 60 3 5 6.869 6.266 yes, 
8.10 
40 10 1 5 6.869 4.266 yesb 
6.10 
1 
40 25 1 6 5.959 14.71 yes 
17.61 
40 30 1 6 5.959 10.10 yes 
11.90 
40 40 1 6 5.959 7.41 yes 
9.26 
40 50 1 6 5.959 11.81 yes 
14.41 
40 60 1 4 8.610 14.43 yes 
18.35 
Table ßl: continued 
T, T Vane Degrees t-value for t- value Are the data 
of 99.9% from data significantin 
freedom a linear form? 
40 10 2 5 6.869 7.30 yes 
8.47 
40 25 2 6 5.959 8.75 yes 
11.23 
40 30 2 5 6.869 13.60 yes 
16.77 
40 40 2 6 5.959 8.27 yes 
9.74 
40 50 2 6 5.959 9.19 yes 
10.70 
40 
1 
60 2 5 6.869 10.85 yes 
13.45 
40 10 3 5 6.869 8.32 yes 
9.35 
40 25 3 6 5.959 5.27 yesc 
7.31 
40 30 3 6 5.959 9.00 yes 
10.38 
40 40 3 6 5.959 7.79 yes 
9.36 
40 50 3 6 5.959 7.50 yes 1 
8.56 
40 60 3 4 8.610 2.70 yesb 1 
3.36 
55 10 1 6 5.959 7.07 yes 
8.51 
55 25 1 5 6.869 9.00 yes 
12.12 
55 130 1 6 5.959 6.03 yes 
7.31 
55 140 1 6 5.959 15.00 yes 
18.29 
55 150 1 6 5.959 21.90 yes 
28.31 
55 60 1 6 5.959 8.46 yes 1 
10.54 
55 10 2 6 5.959 7.68 yes 
8.92 
55 25 2 6 5.959 6.43 yes 
7.67 
55 30 2 5 6.869 31.25 yes 
38.79 
55 40 2 6 5.959 13.32 yes 
15.61 
55 50 2 6 5.959 16.23 yes 
19.54 
55 60 2 6 5.959 8.69 yes 
10.69 
55 10 3 6 5.959 13.63 yes 
15.90 
Table Bi: continued 
Tc Tt Vane Degrees t-value for t- value Are the data 
of 99.9% from data significantin 
freedom a linear form? 
55 25 3 6 5.959 8.73 yes 
10.28 
55 30 3 6 5.959 9.46 yes 
11.21 
5 3 6 5.959 10.09 yes 
11.83 
55 50 5.959 16.37 yes 
19.26 
5 60 3 6 . 959 9.28 yes 10.89 
a: First value: t value for intercept 
Second value: t value for gradient 
b: to 98% significance 
C. to 99.5% significance 
Table ß2 : f-test analysis of vane shear data - English China Clay 
T7 Tt Vane Degrees 
freedom 
Regd Error 
Required 
f value 
(0.1 % 
level) 
Data f 
value 
Are the data 
significant 
in a linear 
from? 
Regression 
R2 R 
25 10 1 1 5 16.26 38.98 yes 0.881 0.938 
25 25 1 1 4 21.20 94.02 yes 0.959 0.979 
25 30 1 1 5 16.26 117.28 yes 0.959 0.979 
25 40 1 l 4 21.20 91.01 yes 0.957 0.978 
25 50 1 1 5 16.26 325.34 es 0.985 0.992 
25 60 1 1 4 21.20 52.96 yes 0.929 0.963 
25 10 2 5 16.26 59.24 yes 0.922 0.960 
25 25 2 4 21.20 88.04 yes 0.956 0.977 
25 30 2 4 21.21 123.85 yes 0.968 0.983 
25 40 2 1 5 16.26 59.88 yes 0.943 0.971 
25 50 2 1 4 21.20 66.24 yes 0.826 0.908 
25 60 2 1 4 21.20 28.5 yes 0.951 0.975 
25 10 3 1 5 16.26 97.20 yes 0.951 0.975 
25 25 3 1 3 34.12 58.62 yes 0.974 0.986 
25 30 3 1 5 16.26 189.74 yes 0.876 0.935 
25 40 3 1 4 21.20 65.19 yes 0.942 0.970 
25 50 3 1 4 21.20 273.01 yes 0.985 0.992 
25 60 3 1 4 21.20 39.27 yes 0.907 0.952 
40 10 1 1 4 21.20 18.20 yesa 0.819 0.904 
40 25 1 1 5 16.26 216.41 yes 0.977 0.988 
40 30 1 1 5 16.26 102.03 yes 0.953 0.976 
40 40 1 1 5 16.26 54.92 yes 0.917 0.957 
40 50 1 1 5 16.26 139.58 yes 0.958 0.978 
40 60 1 1 3 34.12 208.34 yes 0.985 0.992 
40 10 2 1 4 21.20 53.42 yes 0.930 0.964 
40 25 2 1 5 16.26 76.70 yes 0.938 0.968 
40 30 2 1 4 21.20 185.05 yes 0.978 0.988 
40 40 2 1 5 16.26 68.33 yes 0.932 0.965 
40 50 2 1 5 16.26 84.51 yes 0.944 0.971 
40 60 2 1 4 21.20 117.76 yes 0.967 0.983 
40 10 3 1 4 21.20 69.23 yes 0.945 0.972 
40 25 3 1 5 16.26 27.79 yes 0.847 0.920 
40 30 3 1 5 16.26 81.00 yes 0.942 0.970 
40 40 3 1 5 16.26 60.79 yes 0.924 0.961 
40 50 3 1 5 16.26 56.29 yes 0.918 0.958 
40 60 3 1 3 34.12 7.30 yesa 0.909 0.953 
55 10 1 1 5 16.26 50.03 yes 0.909 0.953 
55 25 1 1 4 21.20 81.17 yes 0.953 0.976 
55 30 1 1 5 16.26 36.32 yes 0.879 0.935 
55 40 1 1 5 16.26 226.62 yes 0.978 0.988 
55 50 1 1 5 16.26 479.74 yes 0.991 0.995 
Table B2: continued 
T, Tt Vane Degrees 
freedom 
Regd Error 
Required 
f value 
(0.1 % 
level) 
Data f 
value 
Are the data 
significant 
in a linear 
from? 
Regression 
R2 R 
55 60 1 1 5 16.26 71.52 yes 0.935 0.966 
55 10 2 1 5 16.26 58.39 yes 0.921 0.959 
55 25 2 1 4 21.20 41.32 yes 0.892 0.944 
55 30 2 1 5 16.26 977.16 yes 0.995 0.997 
55 40 2 1 5 16.26 117.418 yes 0.972 0.985 
55 50 2 1 5 16.26 265.03 yes 0.981 0.990 
55 60 2 1 5 16.26 75.57 yes 0.937 0.967 
55 10 3 1 5 16.26 185.70 yes 0.974 0.986 
55 25 3 1 5 16.26 76.29 yes 0.938 0.968 
55 30 3 1 5 16.26 89.53 yes 0.947 0.973 
55 40 3 1 5 16.26 100.182 es 0.952 0.975 
55 50 3 1 5 16.26 268.19 es 0.981 0.990 
55 60 3 1 5 16.26 86.04 yes 0.945 0.972 
a to 1% level of significance 
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Fig C19 Tt=10, Vane3 
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Table Cl : t-test analysis of vane shear data - Keuper marl 
lilt Vane Degrees t-value for t- value Are the data 
of 99.9% from data significant in 
freedom a linear form? 
55 10 1 5 6.869 10.09 Yes 
8.00 
55 10 2 5 6.869 15.56 Yes 
12.81 
55 10 3 5 6.869 12.21 Yes 
10.20 
55 60 1 5 6.869 16.51 Yes 
12.45 
55 60 2 6.869 16.38 Yes 
12.40 
55 60 3 5 6.869 12.15 Yes 
9.63 
25 10 1 5 6.869 22.46 Yes 
17.75 
25 10 2 5 6.869 14.25 Yes 
11.39 
25 10 3 5 6.869 34.42 Yes 
27.01 
25 60 1 5 6.869 23.09 Yes 
17.90 
25 60 2 4 5.598 b 8.26 Yesb 
5.90 
25 
1 
60 3 4 8.610 24.54 Yes 
19.33 
40 10 1 5 6.869 30.59 Yes 
23.56 
40 10 2 5 6.869 15.52 Yes 
12.05 
40 10 3 5 6.869 15.14 Yes 
12.25 
40 25 1 5 6.869 14.39 Yes 
11.75 
40 25 2 5 6.869 17.09 Yes 
13.87 
40 25 3 5 6.869 22.01 Yes 
18.37 
40 160 1 5 6.869 11.79 Yes 
9.13 
40 60 2 4 6.869 12.44 Yes 
9.67 
40 60 3 5 6.869 13.72 Yes 
10.50 
a First value: t value for intercept 
Second value: t value for gradient 
b: for 99.5% 
Table C2 : f-test analysis of vane shear data - Keuper marl 
T7 Tt Vane Degrees 
freedom 
Regd Error. 
Required 
f value 
(0.1 % 
level) 
Data f 
value 
Are the data 
significant 
in a linear 
from? 
Regression 
R R2 R 
55 10 1 1 5 47.18 64.07 Yes 0.928 0.963 
55 10 2 1 5 47.18 164.11 Yes 0.970 0.985 
55 10 3 1 5 47.18 103.99 Yes 0.954 0.977 
55 60 1 1 5 47.18 155.05 Yes 0.969 0.984 
55 60 2 1 5 47.18 153.74 Yes 0.969 0.984 
55 60 3 1 5 47.18 92.83 Yes 0.949 0.974 
25 10 1 1 5 47.18 315.20 Yes 0.984 0.992 
25 10 2 1 5 47.18 129.80 Yes 0.963 0.981 
25 10 3 1 5 47.18 729.49 Yes 0.993 0.996 
25 60 1 1 5 47.18 320.28 Yes 0.985 0.992 
25 60 2 1 4 21.203 34.86 Yesa 0.897 0.947 
25 60 3 1 4 74.14 373.53 Yes 0.989 0.994 
40 10 1 5 47.18 554.95 Yes 0.991 0.995 
40 10 2 5 47.18 145.28 Yes 0.967 0.983 
40 10 3 5 47.18 150.17 Yes 0.968 0.984 
40 25 1 5 47.18 138.02 Yes 0.965 0.982 
40 25 2 5 47.18 192.43 Yes 0.975 0.987 
40 25 3 1 5 47.18 337.59 Yes 0.985 0.992 
40 60 1 1 5 47.18 83.36 Yes 0.943 0.971 
40 60 2 1 4 74.14 93.43 Yes 0.959 0.979 
40 60 3 1 5 47.18 110.21 Yes 0.957 0.978 
a to 1% level of significance 
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Figure D1: Typical shear stress versus horizontal displacement plots for 
English China Clay at 21 C, using the Bromhead Ring Shear 
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Figure D2: Typical shear stress versus horizontal displacement plot for English 
China Clay, tested over'4 days using the Bromhead Ring Shear 
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Figure D3: Typical shear stress versus horizontal displacement plots for English 
China Clay at 22 C, using the modified Bromhead Ring Shear 
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Figure D4: Typical shear stress versus horizontal displacement plots for English 
China Clay at 49 C, using the modified Bromhead Ring Shear 
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Figure D5: Typical shear stress versus horizontal displacement plots for Lower 
Lias Clay at 22 C, using the modified Bromhead Ring Shear 
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Figure D6: Typical shear stress versus horizontal displacement plots for Lower 
Lias at 52 C, using the modified Bromhead Ring Shear 
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EFFECT OF TEMPERATURE ON THE COEFFICIENT OF CONSOLIDATION 
AND PERMEABILITY. 
The Kozeny - Carman equation has been adopted as a working basis to assess the 
different factors that control the permeability and hence the rate of consolidation. Thus 
the influence of temperature on each of these factors and their relative contribution to 
thermal events can be investigated. 
1 e3 The coefficient of permeability, kn = (E1) k . T2. S2 
{1ýe] 
0oµ 
Where, 
ko = pore shape factor T= tortuosity factor 
so = Specific surface area µ= Dynamic viscosity 
e= void ratio 7, = unit weight of pore fluild 
This assumes that the soil fully saturated. 
Equation El can be rewritten. . 
ke = f(P)" f(F)" f(v) (E2) 
where f(p) = )/k0. T2. Sö the 
pore factor 
f(F) = 
YP 
µ the fluid factor 
f(v) = ey+ e the void ratio 
factor 
The ratio of kh at x and 25 0C can be found from equation E2, thus 
(k" )x 
_f 
(P)x f (F), f (v).. , .. " (E3) 
(kn)xs f(P)u f(F)u f(v)u 
Hence, by combining equation El into E3 and rearranging (assuming S. is unaffected by 
temperature, see Chapter 9, Section 9.3.1) equation E3 becomes 
(kn),, 
_ 
(ko. T2)25 
x 
(Yp): 
ýp2s 
x 
(e3)x. (1+e)? 
S (E4) 
k T2)x (kn)u (o" (Y Lps N: (e3)l5. (1+e)j 
If comparisons at different temperatures are made at the same void ratio, equation E4 
becomes 
5 
(kh)x 
__ 
[(ko. T2)11(7p)z 
(ka)u (keT2)= (YP)zs µx 
(E ) 
A similar equation for the coefficient of consolidation, cv can be derived (for oedometer 
tests) 
As C = 
kh 
(E6) 
mYp 
where, mv is the coefficient of volume compressibility. 
f i 
F 
t 
tF 
Therefore, by combining equations E5 and E6 and rearranging, equation E5 becomes 
(c), 
= 
(m")u ]xL(kT2)j (k0. T 
2)(i )(c0(m,,.: 
6). (E7) 
(c,, ),, (mi)x (k,. T2)u 
x 
(N)2s 
(E8) 
(cv)25 " (mAS 
Lk0. 
T2 )= (µ)X 
However, the only difference between equation E5 and E8 is the term yp, which varies 
only slightly with temperature (Weast 1985). Thus, any graphical presentation based on 
these two equations will be almost identical. Therefore, to examine the relative 
significance of thermally generated changes to the pore fluid, graphical plots based on 
equation E5 will only be used. These will show plots of the ratios of cv and kh at x and 
25 °C plotted against temperature. These will be overlain by a similar plot of the 
corresponding ratio of pore fluid properties at these temperatures (using the data 
presented in Table E1, Weast 1985). Any deviations between the two curves can then be 
directly attributed to thermally generated 'changes' to the'pore factor (see discussions 
Chapter 10, Section 10.4 and 10.5). 
Table El Correction Factors 
Temperature 
OC) 
Correction Factor 
Consolidation 
Correction Factor 
Permeability 
25 1.000 1.000 
30 1.115 1.114 - 35 1.231 1.227 
40 1.363 1.356 
50 1.627 1.612 
60 1.906 1.879 
70 2.203 2.160 
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CATION EXCHANGE CAPACITY 
The cation exchange capacity of minerals and soils is measured by replacing the cations 
with ammonium ion by exhaustive exchange with an ammonium chloride solution. The 
ammonia is then exchanged for hydrogen and measured by flow injection analysis 
(FIA). 
Method 
Reagents 
1M Ammonium Chloride Solution 
53.5 g ammonium chloride AR NH4C1 is dissolved in distilled water and diluted to 1 
litre. The pH is then adjusted to pH 7.00. 
Ethyl Alcohol 95% 
95 ml ethyl alcohol diluted to 100 ml with distilled water. 
0.75M Sulphuric Acid 
40 ml sulphuric acid AR H2SO4 98% added carefully to 600 ml distilled water, cooled, 
and diluted to a litre. 
Procedure 
About 50 mg sample is accurately weighed into a clean, dry 15 ml centrifuge tube. 10 
ml of neutral M NH4C1 is added and the mixture shaken and allowed to stand 
overnight. The suspension is then centrifuged at 3000 rev/min for 10 mins and the 
supernatant liquid is removed by gentle suction. The procedure is then repeated a 
further four times to ensure complete replacement of the exchangeable cations. The 
ammonium saturated soil is then washed three times with 95% alcohol to remove any 
entrained ammonium chloride solution. The ammonium saturated sample is then treated 
with 10 ml of 0.75M sulphuric acid and after shaking well and centrifuging again for a 
similar time the ammonium concentration in the supernatant liquid is measured by flow 
injection analysis, measurement of the N content (ppm) of the above liquid gives a 
measure of the CEC of the sample. 
Calculation 
CEC _ 
ppm N in solution x 100 
14 x sample wt (g) 
m. egivllOOg 
